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New Insights into the Nature of the HIV-2 Reservoir
Abstract
Acquired immunodeficiency syndrome (AIDS) can be caused by two lentiviruses: HIV-1,
which is responsible for the global AIDS pandemic, and HIV-2, which is endemic in west Africa.
In Chapter 1, we show how the two viruses share a similar genetic structure and replication cycle,
but are markedly different in their clinical outcomes.
In those infected with HIV-1 and HIV-2, the latent reservoir is a major roadblock in the
search for a cure. While the nature of the HIV-1 reservoir has and continues to be investigated, the
HIV-2 reservoir has only been recently probed. In Chapter 2, we expand on previous work and
characterize the proviral landscape of 9 HIV-2-infected study participants. We find that, like HIV1, the HIV-2 integrated provirus is mostly defective, with large deletions being the most common
defect.
One potential HIV-1 cure strategy proposed is “shock and kill,” which involves the use of
latency reversal agents (LRAs) to reactivate the HIV provirus and eliminating HIV-infected cells
via virus-mediated cytotoxicity or immune clearance. In Chapter 3, we explore the possibilities of
“shock and kill” for individuals latently-infected with HIV-2. We performed ex vivo reactivation
experiments on PBMCs isolated from HIV-2 study participants and find that, when we control for
DNA input, HIV-1 and HIV-2 PBMCs produce comparable amounts of cell-associated RNA.
However, HIV-1 PBMCs produce higher levels of supernatant RNA compared to HIV-2 PBMCs
for the majority of the LRA conditions.
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In Chapter 4, we discuss the need for a consensus proviral landscape characterization
pipeline. By exploring the proviruses of 13 HIV-1-infected study participants, we find that the
majority of proviruses harbor two or more types of defects, which is not reflected in current
pipelines. This discrepancy leads to differences in both individual and cumulative proviral
landscapes.
Taken together, our studies highlight that the nature of the proviral landscape is determined
more by host factors than viral factors, and that the differences in virions production postreactivation of HIV-1- and HIV-2-infected PBMCs is not due to differences in DNA or RNA
abundance, but rather to a previously undescribed post-transcriptional block.
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CHAPTER 1: INTRODUCTION
HIV-2: Its Replication Cycle and Reservoir
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Introduction
Previous studies of HTLV-III antibodies in Africa have focused on central Africa, where
AIDS has been observed. Our study suggests that people in Senegal, where AIDS has not
yet been reported, have also been exposed to viruses of the HTLV-III class. However, the
virus we found in some healthy prostitutes and surgical inpatients is more closely related
to STLV-IIIAGM than to reference strains of HTLV-III.
-

Barin et al.,1985 (1)

When Barin and colleagues looked for signs of HTLV-III1 infection in Senegal in western
Africa, they found something new. The sera of 20 of the 289 sex workers and 5 of the 122 surgical
patients they surveyed were positive for antibodies against HTLV-III by ELISA, showing for the
first-time evidence of an HTLV-III-like virus in Senegal. When further analyzed via western blot,
these participants’ sera were also reactive to the p32 and p24 proteins of Simian T-Lymphotropic
Retrovirus III from African green monkeys (STLV-IIIAGM, now SIVagm). These blots were
strikingly different from what they observed with sera of infected individuals from Burundi, which
is in central Africa, and the USA: no reaction to p32 or p24 of STLV-IIIAGM. For Barin et al., this
finding suggested the presence of a new virus, one that was related to both STLV-III and HTLVIII and, most interestingly, did not appear to cause AIDS.
This last point was key. A few months later, when this new virus, which would eventually
be called HIV type 2 (HIV-2), was isolated from the same group of STLV-IIIAGM antibody-positive
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HTLV-III was one of the names used for the virus we now call Human Immunodeficiency Virus type 1 (HIV-1).
Lymphadenopathy-Associated Virus (LAV) was another early name, given by the French group that isolated it. In
1986, the International Committee on the Taxonomy of Viruses decreed that HIV-1 would be the official name for the
virus.
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individuals from Senegal, the authors would reiterate that the absence of AIDS in HIV-2-infected
individuals imbued this virus with the potential to both better understand HIV-1 and aid in the
development of an AIDS vaccine (2). Even now, when it is clear that in some individuals, infection
with HIV-2 does lead to AIDS, this virus continues to be primarily studied as a means for
furthering our understanding of HIV-1 pathogenicity (3,4).
In the 33 years since HIV-2 was isolated, studies have revealed a virus that can best be
described as “similar but different” to HIV-1 in terms of its replication cycle, yet substantially
different in terms of its epidemiology (a broad strokes comparison of the two human retroviruses
can be found in Table 1). The major difference between the two viruses and the aspect of HIV-2
infection that has kept us studying it is its lower pathogenicity, which sees the majority of those
infected with the virus behaving as long term non-progressors (LTNPs). This feature brings with
it the continued hope that investigating HIV-2 will lead the field to a better understanding of the
host and viral factors that contribute to its comparably lower pathogenicity.
In this chapter, we will summarize what we know about HIV-2 replication cycle and
epidemiology, highlighting the ways in which it differs to HIV-1 and mentioning areas that require
further investigation or confirmatory experiments. Finally, we will discuss what is currently known
about the HIV-2 reservoir, which is the focus of this dissertation.
*
Barin et al. highlighted the apparent healthiness of the study participants they surveyed,
but months later it became clear that like HIV-1, HIV-2 could also cause AIDS (1,3,4). Despite
both viruses being the etiologic agents behind AIDS and having a similar genetic structure–two
long terminal repeats, three major genes (gag, pol, env) and a cadre of genes encoding additional
proteins–they only share about 40% overall nucleotide sequence homology (Figure 1) (5). HIV-2
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Table 1. HIV-1 vs HIV-2: A Brief Comparison of HIV-1 and HIV-2
HIV-1

HIV-2

High viral loads and decreases in the
number of CD4+ T cells
Usually lasts around 10 years

No data, but assumed to be similar to HIV-1

Low CD4 counts and opportunistic
infections
In ART naïve participants: 104 to 106
RNA copies per mL
Global

Similar to HIV-1

Epidemiology
Clinical Illness
Acute Phase
Asymptomatic Stage
AIDS
Viral Load
Distribution
Transmission

Through bodily fluids: sexual, blood
borne and MTCT

Lasts over 10 years

In ART naïve study participants: 30 times
lower
West Africa and countries with links to West
Africa, especially Portugal and France
Same routes as HIV-1, but less efficient

Replication Cycle
Genome

Viral Particle
Entry Receptors &
Coreceptors

Gag, pol and env are the structural
proteins, but there are also the regulatory
proteins and accessory proteins (vif, vpr,
vpu and nef)
Cone-shaped capsid containing two
linked genomic RNAs; surrounded by an
envelope
CD4 is the main entry receptor, with
CCR5 and CXCR4 as the primary coreceptors

Same structural, regulatory and accessory
proteins, except for vpu. In its place, HIV-2
carries vpx.
Similar to HIV-1 and indistinguishable
through microscopy
Similar to HIV-1, though there are more
cases of CD4-independent entry in vitro and
HIV-2 shows higher promiscuity for
alternative co-receptors (also in vitro)
HIV-2 carries vpx, which counteracts
SAMHD1 allowing it to reverse transcribe in
cells with low dNTP content
Similar to HIV-1, though HIV-2 appears to
favor integration in the reverse direction

Reverse Transcription

HIV-1 RT appears to have a higher rate
of dNTP incorporation

Integration

Preferentially
integrates
transcriptional units

Transcription:
Enhancer Elements

Typically, two NF-kB, three SP-1, two
AP-1 and one Ets binding sites

Typically, three SP-1 and only 1 functional
NF-kB binding sites

Packaging

Involves cis- and trans-acting elements

Proposed packaging mechanism is primarily
cis-acting, with Gag proteins being
translated from RNA genomes that they then
package

into
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Figure 1.0.1. Genomic organization of HIV-1 and HIV-2. In color, are the two accessory
proteins that are dissimilar to the human retrovirus: the HIV-1 vpu in green and the HIV-2 vpx in
red.
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is more closely related to simian immunodeficiency virus (SIV) with which it shares about 75%
sequence homology (5). This is unsurprising given that HIV-1 subtypes are the result of zoonotic
transfers of SIV from chimpanzees in the case of HIV-1 groups M and N and gorillas in the case
of groups P and O, while HIV-2 is the result of zoonotic jumps of SIV from sooty mangabeys into
human hosts (6,7).

Distribution
HIV-1 was the first of the two retroviruses to be isolated and is responsible for the global
AIDS pandemic (8). Compared to HIV-1, the distribution of HIV-2 is far more limited: it is
endemic in West Africa where sooty mangabeys roam (Figure 2). Evolutionary tree analyses of
SIVsmm strains isolated from wild-living sooty mangabeys in Côte d’Ivoire and HIV-2 strains,
revealed that the two main HIV-2 groups, A and B, are the result of two independent transmission
events (Figure 3) (9). There are an additional six groups of HIV-2 (C to H), but these represent
zoonotic transmissions with limited or no spread in the human population, with each transmission
resulting in the infection of one or two humans.
As mentioned, HIV-2 is endemic in West Africa and in 2007 the World Health
Organization reported that an estimated 1 to 2 million people were infected with the virus; an
updated count is needed, especially given evidence showing a decrease in the prevalence of HIV2 (10). Outside of West Africa, the majority of HIV-2 cases are in Portugal and France. The source
of HIV-2 in these countries is different and related to their former colonial relationships: Portugal
with Cabo Verde and Guinea-Bissau, and France with Côte d’Ivoire and Senegal (10). In the
United States, the total number of HIV-2 infections is low. A total of 242 cases of HIV-2 were
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Figure 1.0.2. Global distribution of HIV-2. HIV-2 is endemic in west Africa (shown in red) and
cases of HIV-2 have also been reported in a number of other countries (shown in blue), with the
majority of HIV-2 cases outside west Africa occurring in Portugal and France.
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Figure 1.0.3. Origins of HIV-1 and HIV-2. Sooty mangabey monkeys (SMM) are a natural host
of SIV, as are greater spot-nose monkey (GSN), mustached monkeys (MUS), and mona monkeys
(MON). The journey SIV took to enter the human population and become HIV-1 had an
intermediate ape step, with SIVcpz and SIVgor, while for HIV-2 the SIV virus jumped directly
into humans.
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reported to the Centers for Disease Control and Prevention (CDC) between 1988 and June 2010
(11). Only 166 of these fit the working definition of HIV-2 and cases were concentrated in the
Northeast (66%), with the majority occurring in patients born in West Africa (81%) (11). As such,
while HIV-1 in the United States is mostly maintained by new infections (38,739 in 2017), HIV2 cases in the country can be described as imported (10,11).

HIV-2 Transmission
The dissimilar distributions of HIV-1 and HIV-2 are likely a factor of their different
transmission efficiencies. The two viruses use the same routes of transmission: sexual contact,
both vaginal and anal, directly into the bloodstream via needle sharing or a wound, and mother-tochild transmission (MTCT). Despite this, the transmission of HIV-2 is less efficient when
compared to HIV-1 and these observed differences are related to the lower viral loads of HIV-2infected individuals. Popper and colleagues compared the plasma viral loads of HIV-1 and HIV2-infected antiretroviral therapy (ART) naïve study participants and found that the viral load is
around 30 times lower in those infected with HIV-2 (12). Additionally, HIV-2 viral loads are
undetectable in a large proportion of the HIV-2-infected population. Assessing viral loads in HIV2-infected, ART-naïve individuals in Mali, Burkina Faso and the Côte d’Ivoire, Ekouévi and
colleagues found that 46% of the study participants had viral loads below 10 copies per mL (13).
The comparatively lower viral loads of HIV-2 are not just found in the plasma, but also in
other bodily fluids. In a study looking at levels of HIV RNA in infected Senegalese women, those
infected with HIV-2 were less likely to have detectable levels of HIV RNA in cervicovaginal
lavage (CVL) samples when compared to women infected with HIV-1: 58% versus 78% (14).
Even when HIV RNA is detectable, lower levels of HIV RNA were also observed in HIV-2-
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infected women (14). HIV-2, like HIV-1, is primarily spread by heterosexual transmission, with
the level of HIV in the genital tract influencing the risk of transmission. The lower amounts of
HIV-2 RNA found in the genital track are thus associated with the lower transmission efficiency
of this virus.
Lastly, vertical or MTCT of HIV-2 is also lower compared to HIV-1, and in some countries,
MTCT of HIV-2 is considered virtually nonexistent. In a prospective study of MTCT rates for
HIV-1 and HIV-2 in Portugal between 1999 and 2005, the MTCT was 3.4% for HIV-1 and 1.5%
for HIV-2 (15).

HIV-2 Pathogenesis
Transmission efficiency is not the only factor of HIV viruses that correlates with plasma
viral load. Following a cohort of 180 HIV-1 male study participants, Mellors et al., showed that
plasma viral load, rather than CD4+ T cell counts, was the better predictor of progression to AIDS
(16). Unsurprisingly, both viral load and pathogenicity are for HIV-2 compared to HIV-1 study
participants (12). Both HIV-1 and HIV-2 infections are believed to follow a similar behavior in
infected, ART-naïve individuals. The first stage is an acute infection, which in HIV-1 is marked
by a decline in CD4+ T cell counts and high levels of virus in the blood. Though there are no
clinical data about acute infection in HIV-2 infected patients, it is believed that it takes on the same
pattern observed for HIV-1 (17). This phase is followed by the asymptomatic phase where CD4+
T cell counts recover somewhat and the virus reproduces at lower efficiencies. The third phase
occurs after viral loads begin to increase, causing CD4+ T cell counts to once again fall, progressing
eventually to AIDS. Whereas HIV-2 infections can lead to all three phases, the majority of patients
only experience phase 1 and 2; the percentage of HIV-2 patients who can be deemed LTNPs, that
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is, individuals who maintain a CD4+ T count greater than 500 cells/mm3 without receiving ART,
is as high as 95% (18). This is in stark contrast to HIV-1 infections, where less than 5% fit the
clinical classification of LTNPs (19). Furthermore, for HIV-2 infected individuals who do progress
to AIDS, the asymptomatic phase is longer: over ten years and up to decades compared to less than
10 years for those infected with HIV-1 (17,19).
The lower pathogenicity of HIV-2 was apparent soon after the retrovirus was discovered.
In 1988, analysis of the in vitro cytopathicity of the HIV-2ST strain isolated in Senegal,
demonstrated no syncytium formation when co-cultured with uninfected CD4+ cells and lower cell
killing of phytohemagglutinin (PHA)-stimulated donor lymphocytes and SupT1 cells (20). The
pathogenicity of HIV-2ST is particularly diminished; the prototype group A strain HIV-2ROD, on
the other hand, induces both syncytia and cell killing, showing that even though HIV-2 strains are
generally less pathogenic than HIV-1 strains, they still present varying ranges of pathogenicity
(20).
Despite the differences in pathogenicity between the two retroviruses, and the observation
that those infected with HIV-2 are more likely to be LTNPs, when HIV-2 infection does progress
to AIDS the clinical features are similar to HIV-1-induced AIDS (17).
Thus, the generally held truths of HIV-2 infection are that it is less pathogenic than HIV-1
and the majority of those infected are LTNPs. A recent study, however, has called these
assumptions into question. A long-term follow-up study in Guinea-Bissau found that a larger
percentage of the HIV-2-infected study participants did in fact progress to AIDS when not placed
on ART during the years they were followed, which varied from 4.9 to 16.2 years (21). Of the 87
HIV-2-infected participants enrolled 37, or 43%, progressed to AIDS. While 43% is still lower
than HIV-1 (~95%), this is significantly higher than what has been previously reported for HIV-2
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and bolsters the case for treating all HIV-2 infected individuals with ART (21). Interestingly, the
Guinea-Bissau study included more male study participants than previous HIV-2 studies and
earlier work from the Bissau HIV Cohort study group has suggested that HIV-infected males have
a higher mortality than HIV-infected women independent of whether they were infected with HIV1, HIV-2 or dually infected with both viruses (22). As such, the results from the follow-up study
may reflect possible sex differences in mortality. If confirmed, these results complicate our
previous understanding of HIV-2 infection and emphasize the need for better understanding of this
retrovirus and its clinical outcomes.

HIV-2 Replication Cycle
While HIV-1 and HIV-2 may differ substantially in terms of distribution, transmission and
pathogenicity, the replication cycle of the two viruses are exceptionally alike, though they diverge
in a number of small ways. Here we’ll go over the replication cycle of HIV-2, highlighting
moments where the two viruses differ, and areas where more research or confirmatory experiments
are needed (Figure 3).

Cell Tropism
HIV-2, like all viruses, needs to infect host cells to reproduce. Not all cells in the human
body, however, are susceptible to HIV-2 infection. Similar to HIV-1, HIV-2 primarily targets cells
of the immune system, specifically CD4+ T cells, because these express the CD4 protein which
mediates the initial interaction of the HIV virions with the soon-to-be infected cell. Primary
macrophages can also be infected by HIV-2 isolates, though here the replication kinetics of HIV2 differs from that of HIV-1, with a much higher burst of replication followed closely by latency
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Figure 1.0.4. HIV-2 Replication Cycle. HIV-2 shares with HIV-1 all the classic steps of the
retrovirus replication cycle, from entry to maturation post budding.
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(23). Despite these other cell types, infection of CD4+ T cells are the primary contributor to HIV2 maintenance in infected humans.

Viral Entry
Viral entry begins with the binding of HIV-2 virions to specific cells in the host and is
mediated by two glycoproteins on the HIV-2 envelope: gp125 and gp36, which assemble into
trimers of non-covalent gp125-gp36 heterodimers with gp125 as the external glycoprotein and
gp36 providing a transmembrane anchor (24,25). Entry requires an interaction between gp125 and
the CD4 protein of the host cell (26). The HIV-2 Env is more closely related to the SIV Env, with
which it shares a greater than 60% amino acid sequence homology, than to the HIV-1 Env (less
than 40% homology) (27). The SIV, HIV-1 and HIV-2 Envs, however, are all structurally and
functionally related, and all use CD4, with a few rare exceptions (28).
The interaction between the glycoproteins and CD4, however, is not enough to promote
entry; similar to HIV-1, HIV-2 requires concomitant binding to a co-receptor to prompt the fusion
of viral and cellular membranes (29,30). In HIV-1 entry, the most common co-receptors are the
CXC chemokine receptor 4 (CXCR4) and the CC chemokine receptor 5 (CCR5) (31–33). These
are also the two main co-receptors mediating HIV-2 virion entry, though CCR5 strains are more
common in chronically infected asymptomatic HIV-2 patients (34). CXCR4 HIV-2 strains have
only been isolated in patients with advanced disease and low CD4+ T cell counts and, similar to
HIV-1, are associated with a more rapid disease progression (34,35). Both HIV-1 and HIV-2 have
been observed using alternative molecules for entry in vitro, with HIV-2 being the more
promiscuous of the two retroviruses (36). CD4-independent entry has also been observed in vitro
for both viruses, though more extensively so for HIV-2 where entry of CD4 negative cells can be
mediated by CXCR4 or CCR5 (37,38).
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There are five highly variable regions in gp125 (V1 to V5), and within the HIV-2 field
there is a debate as to which regions are crucial for co-receptor binding (36). Work with chimeric
viruses and binding to CCR5 or CXCR4 supports HIV-2 V3 as the crucial variable region, while
site-directed mutagenesis of the V1/V2 region and CCR8, a non-canonical co-receptor, points to
this region (24,36,39). As such, further research is necessary in order to tease out the regions of
gp125 that are essential for HIV-2 co-receptor binding, not just to CCR5 and CXCR4, but also to
the other alternative co-receptors such as CCR8.
Following binding of gp125 to CD4, conformational changes occur to the envelope
glycoprotein causing it to reveal binding sites for co-receptors; the interaction between the virion
and the co-receptors drives fusion. Examining dye transfer between dye-labeled HeLa cells
expressing HIV-1 or HIV-2 envelope proteins and SubT1 cells, Gallo and colleagues observed that
HIV-2 glycoprotein-mediated fusion is demonstrably quicker than HIV-1: 30 minutes instead of
60 minutes (40). The same research group observed that CD4-induced CXCR4 engagement was
higher for HIV-2 gp125 than HIV-1 gp120, which they conclude is responsible for the more rapid
fusion kinetics of HIV-2 envelope compared to HIV-1 envelope (40). Similar work has not been
done with CCR5 strains. Despite this, these results, coupled with the observation of CD4independent entry by certain HIV-2 strains, has been taken as a suggestion that the HIV-2 gp125
occasionally adopts a CD4-induced conformation even in the absence of binding to CD4 (34,38).

Reverse Transcription
Following entry, the conical core which contains two copies of genomic RNA and several
virally encoded proteins, begins uncoating. Concurrently with this process, the genomic RNAs are
reverse transcribed, forming the HIV double-stranded DNA molecules, which quickly become
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associated with both viral and cellular proteins and are eventually transported into the nucleus. The
uncoating process of HIV-2 has not been extensively explored. Recently, Takeda et al. used an in
situ uncoating assay with fluorescent HIV-1 Vpr and HIV-2 Vpx – two accessory proteins found
in the core of the mature virion – to compare the uncoating kinetics of the two retroviruses in the
presence of Old World Monkey (OWM) or human TRIM5a, the tripartite motif protein isoform 5
alpha that is a significant restriction factor of HIV infection (41). They found that, in the presence
of OWM TRIM5a, only one of the HIV-2 strains investigated showed accelerated uncoating like
HIV-1, while in the absence of TRIM5α, the uncoating kinetics of HIV-2 are faster than those of
HIV-1 (41). Further studies will be needed to uncover whether the same kinetics are observed in
other HIV-1 and HIV-2 strains and to discern the biological basis for this difference.
Reverse transcription is catalyzed by the viral reverse transcriptase (RT). In HIV-2, the
RT is a p68/p55 heterodimer that is more stable than the HIV-1 p66/p51 heterodimer, though the
two share a similar domain structure in the subunits (42). The larger subunit has five domains,
including the C-terminus RNaseH domain, which degrades the RNA strand in the RNA-DNA
heteroduplex; the smaller subunit has four, tightly packed domains (42). Despite the structural
similarities, there is one difference between the HIV-1 and HIV-2 RTs that impacts the efficiency
of non-nucleoside RT inhibitors (NNRTIs). HIV-2 RTs are intrinsically resistant to NNRTIs; the
crystallization and subsequent structure solution of the HIV-2 ROD RT by Ren and colleagues
provides a potential mechanism for this resistance. The binding site of NNRTIs in the HIV-1 RT
is in the palm domain of p66 and while an equivalent region is present in p68, there are alterations
in the position of conserved residues as well as significant side-chain differences (42). These
differences create a more constricted pocket that limits the binding of NNRTIs to the HIV-2 RT,
thus making NNRTIs ineffective at restricting reverse transcription in HIV-2-infected cells (42).

16

For both HIV-1 and HIV-2 reverse transcription begins with the primer tRNA Lys3
interacting with the primer binding site (PBS) of the viral genome (43). Reverse transcription of
HIV-2 can occur in cell types with dramatically different levels of cellular deoxynucleotide
triphosphates (dNTPs), such as in active CD4+ T cells but also in non-dividing cells like
macrophages that have dNTP concentrations that are 50-200 times lower (44,45). In myeloid cells,
the Sterile Alpha Motif (SAM) domain and Histidine-Aspartic (HD) domain-containing protein 1
(SAMHD1) depletes the dNTP pool, preventing efficient reverse transcription of HIV-1 (46). HIV2, however, has a way around SAMHD1: the accessory protein X, also known as Vpx, which
targets SAMHD1 for proteosomal degradation, allowing HIV-2 to replicate in macrophages and
other non-dividing cells (47).
Given that HIV-2 strains have Vpx to counteract SAMHD1, Lenzi and colleagues explored
the evolutionary effect of Vpx on the kinetics of the HIV-2 RT (47). Their results suggest that
while HIV-1 and HIV-2 RTs have similar dNTP binding affinities, HIV-1 RTs have a higher rate
of dNTP incorporation; furthermore, at low dNTP concentrations, the RTs of both retroviruses
appear to have different DNA polymerase activity profiles (47). For Lenzi et al., this suggests that
HIV-1 has evolved a faster incorporation rate to make up for the lack of Vpx. Sakai and colleagues
turned to phylogenetics to uncover insights into the relationship between RT and Vpx; they found
that lentiviruses with anti-SAMHD1 activity clustered together in a lentivirus RT protein
sequences tree and this cluster also contained viruses with low RT activity (48). They reasoned
that the clustering suggested that RT and anti-SAMHD1 properties are linked, though cautioned
that more sequences are needed to make a decisive conclusion on the matter.
Reverse transcription of the RNA genomes results in a DNA-RNA heteroduplex. The
RNase H activity of RT degrades the RNA strand, exposing the single-stranded DNA molecule,
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which then acts as a template for complementary DNA (cDNA) synthesis, resulting in the doublestranded viral DNA that is shuttled to the nucleus and integrated into the host genome. The RNase
H activity of HIV-2 is ten times lower than that of HIV-1, though both enzymes have a similar
cleavage pattern (49). This ten-fold difference is due to residue 294 in the small RT subunit, which
regulates the affinity of RNase H for its substrate; WT HIV-2 has a glutamine in this position, but
when this is mutated into a proline, a substantial increase in the RNase H activity of the HIV-2 RT
is observed (49).

Nuclear Import
Following formation of the double stranded HIV DNA molecule, a preintegration complex
(PIC) is formed involving various viral proteins such as integrase (IN) and the matrix protein
(MA). In HIV-1, the PIC also includes Vpr, an accessory protein that has been shown to play a
role in the nuclear import of the PIC (50). HIV-2 also carries Vpr and it displays a high degree of
sequence homology to the HIV-1 Vpr [46,47]. Despite this, the HIV-2 Vpr has no role in nuclear
import; a nuclear localization signal, however, was identified on amino acids 65 to 71 of the HIV2 Vpx (53).
A number of host proteins are also associated with the PIC. Using a yeast two-hybrid
screening method, Cheng et al. identified Hsp40, a cellular heat shock protein previously known
to affect replication of numerous viruses, as a host factor that facilitates nuclear import in a Vpxdependent manner (54). Hsp40 interacts with Vpx and its overexpression enhances nuclear import,
while its down-regulation via siRNA decreased nuclear import (54). While the viral and host
factors involved in HIV-2 PIC are being slowly elucidated, what actually happens at the nuclear
membrane when the HIV-2 PIC arrives remains unknown.
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Integration
Retroviral replication requires the integration of the double-stranded DNA into the host
genome. This step involves the viral protein Integrase, which first binds to viral DNA at the long
terminal repeat (LTR) and cleaves the 3’-end. Integrase subsequently promotes association with
the target host genome and the strand transfer of the viral DNA into the host DNA. This leaves a
small gap between the 5’-end of the viral DNA and the host DNA that is quickly repaired by the
host cell’s machinery.
Integrase contains three functional domains: an N-terminal domain, a catalytic core domain
and a C-terminal domain. Mutational analysis of the HIV-2 integrase with a series of 41 sitedirected point mutants found that most mutants equally affected integrase’s ability to cleave the
double-stranded viral DNA and strand transfer (55). Other mutations had more specific effects. Of
the point mutations in the N-terminal region, for instance, two mostly affected DNA cleavage, one
affected both DNA cleavage and strand transfer, and the others had minimal effect on integrase
activity; these results suggest that the N-terminal, which contains a zinc-finger like motif, primarily
functions in DNA cleavage (55).
The central region of integrase is the most conserved of the three among retroviruses and
point mutations in two of the most conserved amino acids (Asp-116 and Glu-152), which are in
the catalytic core, resulted in low levels or complete elimination of both DNA cleavage and strand
transfer (55). Mutations in conserved amino acids in the middle domain saw various consequences,
from no effect on integrase activity to effects on integration-site preference and for integration
reactions at 1-hour but not 24-hours (55). Compared to the first two regions, the C-terminal region
is less conserved and only one point mutation in this region led to a decrease in DNA cleavage and
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strand transfer (55). These results are from in vitro studies and confirmatory in vivo explorations
of the integrase domains are needed.
The HIV-2 integrase has a 53% amino acid sequence similarity to HIV-1 integrase; despite
the difference, van Gent and colleagues found that the HIV-1 and HIV-2 integrases are equally
capable of integrating both target HIV-1 and target HIV-2 DNAs (56).
In HIV-1, the integration site has an effect on the level of viral transcription and the same
can be assumed for HIV-2. Work mapping 202 integration sites in primary peripheral blood
mononuclear cells (PBMCs) following in vitro infection with the primary HIV-2 isolate p1629,
found that HIV-2 has similar integration tendencies compared to HIV-1, as well as SIV (57).
Specifically, HIV-2 has a preference for integrating into transcriptional units, a preference it shares
with HIV-1 and SIV, though HIV-2 seems to singularly favor integration in the reverse direction
(57). These results, of course, need to be confirmed in vivo. Another difference between the two
retroviruses is that in infected participants, proviral integration into heterochromatin, which can
block transcription, was more commonly found in HIV-2 participants (5/23) than in HIV-1
participants (0/21) (57).

Transcription
Transcription of the integrated HIV genome begins with the binding of both cellular and
viral proteins to the 5’-LTR. While the cellular machinery is sufficient for limited viral
transcription, viral proteins, particularly Tat, are necessary for productive expression. The 5’ LTRs
of HIV-1 and HIV-2 are both subdivided into U3, R and U5 regions, and Tat binds to the TAR
element, which is located in the R region for both viruses. Despite these similarities, the TAR
element of the two retroviruses is dissimilar: for HIV-1 it takes the form of a single hairpin, while
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for HIV-2 there are two stem-loops (58). Both stem loops of HIV-2 are necessary to achieve high
levels of transcription, though mutational analysis suggests that the first stem loop is more active
than the second loop (59).
Upstream of the TAR element, is the enhancer region, which binds to a series of
transcription factors. The binding sites of HIV-1 and HIV-2 are also substantially different (Figure
4). While the majority of HIV-1 viruses typically have two NF-kB, three SP-1, two AP-1 and one
Ets binding sites (though there are variations between subtypes), HIV-2 viruses have no AP-1 or
Ets binding sites (they contain a single peri-Ets, or pets, site instead), as well as a single working
NF-kB, with the second NF-kB site mutated beyond functionality (60,61). In the LTR of both
viruses, there are additional enhancers such as Pub1 and Pub2 in HIV-2 and NFAT in HIV-1 (62).
It’s possible that the divergent enhancers of HIV-1 and HIV-2 alter transcription efficiencies, thus
explaining the differences in viral load observed in infected patients. Using a CAT reporter gene,
Tong-Starksen and colleagues investigated how the HIV-1 and HIV-2 LTRs differed in their
response to T cell activation signals and found that HIV-1 responds more promptly to T cell
activation than HIV-2, suggesting that in vivo the enhancers possibly play a role in the different
clinical outcomes of HIV-1 and HIV-2 infection (61).
Alternative splicing of the RNA transcripts allows HIV-1 to take full advantage of its
genome, producing a series of transcripts that fulfill different functions such as RNA genomes for
new virions and producing all the necessary proteins for continuing the replication cycle of the
virus. While HIV-1 splicing has been exhaustively studied, the same cannot be said for HIV-2.
Splicing sites do exist in HIV-2 and future research should be done to determine whether the ratios
of different groups of spliced RNA transcripts are similar to those observed in HIV-1 infected
cells.
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Figure 1.0.5. The binding sites in the enhancer regions of three HIV-1 subtypes and HIV-2.
While the binding sites vary amongst HIV-1 subtypes, all contain one Ets site, two NF-kB sites,
at least three SP1 sites and a TATA box. The HIV-2 enhancer region, on the other hand, has only
one functional NF-kB site, with the second (in red) mutated beyond functionality, and instead of
an Ets binding site it has a peri-Ets (pets) site.
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Assembly and budding
The translation of HIV RNA transcripts uses host machinery to produce the proteins
necessary for the assembly of new virions. While the efficiency of HIV-2 translation compared to
HIV-1 has not been deeply explored, work with reporter constructs suggests that HIV-2 translation
is less efficient and that this is due to the more complex structure of the HIV-2 TAR element (63).
Furthermore, when the HIV-2 TAR element was deleted, there were increased levels of the reporter
gene (63). This work only focused on genomic HIV-2 RNA, and it is possible that HIV-2 makes
use of alternative splicing to overcome the TAR element and produce the proteins necessary for
the assembly of new virions (64).
The final step in the retroviral replication cycle involves the assembly of new virions and
their release from the cell. This step is essential for it is during assembly that all the viral
components necessary for infectivity are gathered. One of the most crucial steps during assembly
is the encapsidation of two copies of full-length genomic RNA, which are packaged as a linked
dimer in both HIV-1 and HIV-2 virions. In the 5’ untranslated region (UTR) of both viruses there
is a dimerization signal that directs this process. In HIV-1 this signal is located in stem loop 1
(SL1), upstream of the major splice donor (MSD), and is known as the dimerization initiation site
(DIS). In HIV-2, the exact location of the dimerization site is still debated. In the HIV-2 SL1, there
is a palindrome that in vitro appears to be important for dimerization, though work in vivo has
suggested that it is not (65). A second, more upstream palindrome has been proposed as the true
dimerization signal (65).
During active HIV replication, many types of RNA transcripts are produced; for HIV-1,
for instance, there are over 30 splicing alternatives. Unspliced genomic RNA represents only a
small percentage of HIV RNA found in the cytoplasm (66). In contrast, genomic RNA constitutes
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over 50% of the RNA in virions, which means that the encapsidation of the HIV RNA genome is
selective (67). In HIV-1, this specificity is driven by both cis- and trans-acting elements: the cisbinding of packaging signals in the 5’-UTR and the trans-binding to the Gag protein. McCann and
Levar searched for the HIV-2 equivalent of these packaging signals by investigating the effect of
a series of deletions upstream and downstream of the HIV-2 splice donor (SD) (67). They found
that while deletions downstream of SD had little effect on packaging, one of the upstream deletions
(43 nucleotides from 392 to 434) had a profound effect on both packaging and replication (67).
This deletion covers SL1, suggesting that SL1 plays a role in both dimerization and encapsidation.
Beyond packaging signals, HIV-2 has been proposed as having a very different packaging
mechanism compared to HIV-1. This proposed mechanism is cis-acting, with Gag proteins
packaging the RNA genomes that they are translated from. Work from Ni and colleagues, however,
showed that packaging of genomic RNA shares many similarities between HIV-1 and HIV-2,
adding evidence that HIV-2 may also be packaging in a trans-mediated manner (68).
Gag plays a major role in directing the assembly of new virions. In fact, with both HIV-1
and HIV-2, expression of Gag alone can lead to the production of virus-like particles (69).
Assembly of the future HIV-1 virions occurs at the plasma membrane, and the shuttling of HIV-1
Gag to the membrane is dependent on clathrin adaptor proteins AP-1 and AP-3, which suggests
that it requires vesicular transport. The N-terminal matrix (MA) domain of Gag is myristylated
and, therefore, binds to membranes, adding further evidence for the vesicular transportation of Gag
to the sites of assembly. The MA domain of HIV-2 Gag is also myristylated and the structure of
the N-terminus is similar to that of HIV-1 (70). Using confocal immunofluorescence microscopy
and siRNA-mediated depletion of adaptor protein complexes, Alford and colleagues found that
HIV-2 Gag accumulates in intracellular compartments and particle production is dependent on the
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adaptor proteins AP-3 and AP-5 (71). AP-5 localizes to late endosomal membrane, suggesting that
endosomes may play a role in the assembly of HIV-2 but not HIV-1 particles.
During HIV-1 assembly, both Gag and Gag-Pol polyproteins are required to bind the RNA
genomes and concentrate viral Env proteins at the assembly site, amongst other functions. As per
usual, the assembly of HIV-2 is less understood, though believed to take the same steps as HIV-1
assembly. Interestingly, while the env sequence is generally known for its extreme heterogeneity,
the gp41 subunits of HIV-1, HIV-2 and SIV env appear to contain a conserved domain involved
in the formation of Env dimers and assembly (72). In fact, HIV-1 Env can form heterodimers with
the Env proteins of both HIV-2 and SIV, though at a lower efficiency than homodimers (72). This
coupled with other work, suggests that for all their differences, the assembly machinery of HIV-1
and HIV-2 is more similar than distinct.
Once all the components are assembled, budding occurs. At the same time, the viral
protease is activated, cleaving the Gag polyprotein and leading to virion maturation. Protease is
encoded in the pol gene and in vivo experiments investigating the maturation of HIV-2 virions
showed that maturation only occurs when pol is expressed (73). With maturation, HIV-2 virions
are ready to infect other susceptible cells and recommence the replication cycle.

Accessory Proteins
While certain cell types are more susceptible to HIV infection, this does not mean that they
are completely devoid of protective mechanisms that help them counteract the invading retrovirus.
Host restriction factors such as TRIM5α (affects efficient viral entry), tetherin (prevents budding
of new virions) and members of the APOBEC3 family (promotes hypermutation of HIV) work to
suppress viral replication (74).
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At the same time, HIV viruses do not arrive at a cell unprepared; they carry in their small
genomes the code for a number of accessory proteins that allow them to evade these restriction
factors. Certain in vitro studies suggest that viral replication can occur without the presence of
accessory proteins, but accessory proteins, both in HIV-1 and HIV-2, are necessary for efficient
infection because they allow the viruses to escape host immune responses. This collection of
accessory proteins differs slightly between HIV-1 and HIV-2. HIV-1 carries vif (APOBEC3), vpr
and vpu (tetherin), as well as nef. HIV-2, on the other hand, encodes for vif, vpr, nef and vpx (17).
Vpu and Vpx do not have the same function: Vpu targets tetherin for degradation, while
Vpx targets SAMHD1 for degradation, which restricts viral replication by depleting cellular dNTP
levels, though SAMHD1 uses other means to limit HIV replication (46,47). The activity of
SAMHD1 restricts HIV-1 infection in monocytes, dendritic cells (DCs), and macrophages,
because reverse transcriptase is limited in cells with low levels of dNTP (46,75). HIV-1 can infect
these cell types, however, if Vpx is supplied (76,77). While HIV-2 lacks a specific accessory
protein for tetherin, it antagonizes it using the Env glycoprotein. This is a conserved function
among HIV-2 primary isolates, though HIV-2 patients appear to harbor a mix of viruses that
contain or lack the ability to antagonize tetherin (78).
In terms of structure, Vpx is similar to Vpr, a multitasking accessory protein whose most
well studied activity is to arrest the cell-cycle in dividing cells at the G2 to M transition, though
the reason for this in the viral life cycle is unknown (79). Both Vpr and Vpx have the same
structure, a three-helix bundle, and the two genes are believed to be the result of a duplication or
recombination (80). Of the two, the vpr gene is more widespread, found in all primate lineages,
while vpx is found only in HIV-2/SIVsmm/SIVmac and SIVrcm/SIVmnd2 (80).

26

Looking only at the collection of accessory proteins and their functions alone, HIV-2 is the
better equipped of the two viruses: able to counteract all the same host restriction factors as HIV1, with the addition of having Vpx to tag SAMHD1 for degradation. The observed difference in
pathogenicity between the two viruses is, therefore, unlikely to be due to accessory proteins.

The HIV-2 Reservoir
Recently, Saleh et al. raised the possibility that HIV-2 could provide novel strategies for
a long sought out goal of the HIV field: a cure for HIV-1 (81). While ART can control HIV-1
infection, transforming what was once a death sentence into a manageable, chronic infection,
treatment does not cure HIV-1 infection. The virus persists in a latent form in resting CD4+ T cells,
forming the long-lived and stable reservoir from which HIV can re-emerge if treatment is ceased
or altered. As such, in order to cure an HIV-infected individual, the reservoir has to be purged or,
alternatively, permanently locked.
The main intervention currently under investigation in the HIV-1 cure field, is latency
reversal via pharmacologic agents, also known as “shock and kill.” In this strategy, latency
reversing agents (LRAs) “shock” or push the provirus out of latency, leading to the production of
HIV-1 RNA and proteins, and the infected cell is killed either by the virus or by the immune system
(82). If enough provirus-harboring cells are killed, the reservoir would be completely eliminated.
LRAs “shock” infected cells through a variety of modes of action from histone deacetylase
(HDAC) inhibitors to TLR agonists (83,84). Early work demonstrated that proviruses are often not
induced during the first round of activation, requiring a second dose of the reactivating agent (85).
Furthermore, while many reactivating agents are capable of increasing cell associated RNA and
plasma viremia post-treatment, not all of them lead to a decrease in the reservoir size (86).To reach
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high levels of reactivation, LRAs should be combined and work has been done to identify the most
effective of these combinations (87).
Not every provirus in the reservoir has the ability to produce new virions when reactivated;
only those that are replication competent hold this capacity. Work from multiple groups has shown
that the HIV-1 proviral landscape is overwhelmingly defective, with large swaths of the provirus
contingent containing large deletions and APOBEC-mediated G-to-A hypermutation, as well as
other defects (85,88–90). Current work is focused on deciphering the nuances of the proviral
landscape, particularly how it varies amongst patient populations and cellular subtypes.
Compared to HIV-1, the HIV-2 reservoir is less well comprehended. As previously shown,
in treatment naïve study participants, infection with HIV-2 sees a lower plasma viral load
compared to HIV-1 infection, despite both having comparable levels of proviral DNA (12). Saleh
and colleagues reasoned that this suggests that HIV-2 infection has a post-integration block that
affects viral replication and that this block could be exploited to functionally cure HIV-1 (81).
Work in the 1990s showed that the HIV-1 and HIV-2 integrases are equally capable of integrating
both HIV-1 and HIV-2 targets, and later work with in vitro infection of PBMCs revealed that the
two human retroviruses have a preference for integrating into transcriptional units (56,57). The
HIV-2 reservoir also appears to be a barrier to cure: in one case study out of Guinea-Bissau, HIV2 plasma RNA levels rebound despite the HIV-1-HIV-2 dually infected patient being on therapy
and previously having undetectable levels of both viruses for 19 months (91).
Until recently, the nature of the HIV-2 proviral landscape was largely unknown. Given that
HIV-2 is more closely related to SIV than HIV-1, it was possible that the proviral landscape of
this virus would look more like that of SIV-infected rhesus macaques, which is comparatively less
defective, with at least 75% of the proviruses harboring some type of defect (92). In July 2019,
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Bender and colleagues showed that this was not the case (93). The integrated genome of three
HIV-2-infected individuals from Senegal was amplified and characterized, revealing that the HIV2 proviral landscape is largely defective: only 1 of the 41 sequences generated was intact (93). Of
the remaining 40 defective sequences, 66% contained large deletions and 12% had G-to-A
hypermutation. The same paper also expanded on previous work from the same lab exploring the
proviral landscape of suppressed, SIV-infected rhesus macaques; they found that in the seven
macaques studied, 28% of the 287 sequences generated were intact, which is similar to what they
had previously reported (92,93).
The analysis of the proviral landscape of the three HIV-2-infected individuals should be
expanded and corroborated, but it does suggest that when it comes to molding the HIV integrated
provirus, host factors, rather than viral factors, play a primary role. In this thesis, we build and
expand on the work of Bender and colleagues, showing that their provirus landscapes results are
consistent with our larger study population. Furthermore, we also look at how the HIV-2 reservoir
behaves when pushed out of latency. For HIV-2 to provide new directions in the search for an
HIV-1 cure, as Saleh et al. propose, we must first understand its reservoir. As such, a larger intent
of this thesis, is to increase our current understanding of the HIV-2 reservoir and, in doing so,
provide new directions for future HIV-2 work.
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CHAPTER 2
HIV-2 Proviral Landscape Characterization
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Abstract
The latent HIV reservoir is the major roadblock to cure because it is long-lasting, translationally
silent, and therefore hidden from the immune system, reactivating when therapy is discontinued.
Data at the case report level suggest that the HIV-2 reservoir is also a barrier to cure, with
recrudescence of virion production when antiretroviral therapy is perturbed or changed. Whereas
the HIV-1 reservoir and its reversal from latency have attracted considerable research interest, the
nature of the latent HIV-2 reservoir is less well studied. To better understand the nature of the
HIV-2 reservoir, we performed single genome amplification (SGA) and next-generation
sequencing of near-full-length proviral sequences from nine participants with HIV-2 and
characterized the integrated proviruses to determine what sequence defects they harbored. We
found that the cumulative HIV-2 proviral landscape is 91 percent defective, similar to what we
found in our comparator HIV-1 participant group (98% percent defective) and to what has
previously been reported in the HIV-1 literature. Multiple types of HIV-2 provirus defects were
identified and varied across participants. Among the types of defects found, HIV-1 and HIV-2
proviral sequences had similar proportions of proviruses harboring large deletions (61% and 65%,
respectively) and G-to-A hypermutations (16% and 11%, respectively), though they differed in
terms of the percent of proviruses with mutations and/or deletions in the PSI and MSD. Our results
demonstrate that the HIV-2 proviral landscape is similar to that of HIV-1, suggesting that similar
mechanisms may govern the generation of the lentiviral reservoir.
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Introduction
In the quest for an HIV cure, the latent reservoir, defined as the cells that harbor
transcriptionally silent yet replication competent integrated proviral genomes, is a major
roadblock. The HIV-1 latent reservoir is established during acute infection and is heterogenous,
infecting different T cell subsets and demonstrating different frequencies of intact and defective
proviruses, among other variations (85,94,95). For the majority of those infected with HIV-1 who
are on therapy, this latent reservoir represents a pool of cells harboring proviruses that can give
rise to infectious virions should antiretroviral therapy be discontinued or become ineffective. With
a mean T cell reservoir half-life of 44 months, the HIV reservoir will persist beyond the human
life-span; an individual infected with the virus cannot be considered cured (96). As such,
understanding the nature of the reservoir is considered essential to the development of a cure for
HIV-1.
While there are still areas that require investigation, work from a number of groups has
provided key insights into the nature of the HIV-1 reservoir. The majority of the HIV-1 reservoir
is contained within memory CD4+ T cells, even though the actual frequency of infected cells within
this subset is low: an estimated one cell in one million (97). Sequencing-based approaches have
shown that the majority of the HIV-1 reservoir is defective, with the majority of proviruses
containing APOBEC-mediated G-to-A mutations and/or large deletions, as well as other defect
types (85,88,90,98,99). The field is currently focused on the nuances of the HIV-1 reservoir, such
as how it differs between patient cohorts and among the subpopulations of memory CD4 T cells.
Much less is known about the HIV-2 latent reservoir. One case report from Guinea-Bissau
described a dually infected patient whose regimen change – from stavudine, lamivudine and
lopinavir boosted with ritonavir (LPV/r) to once-daily didanosine, tenofovir and efavirenz – led to
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detectable levels of plasma HIV-2 RNA and a decrease in CD4+ cells (91). This case report
demonstrated that, like HIV-1, HIV-2 can rebound when there are changes in the therapy regimen,
thus suggesting that in those infected with HIV-2, the latent reservoir is also a barrier to cure (91).
A greater understanding of the nature of the HIV-2 reservoir may also provide information about
HIV latency more generally, generating novel insights to move us closer to a potential HIV cure
(81).
HIV-2 is the less virulent, more globally restricted HIV that is found primarily in West
Africa. While those infected with this lentivirus can also develop Acquired Immunodeficiency
Syndrome (AIDS), progression is slower and the majority of those infected are considered longterm non-progressors, though a recent follow-up study in Guinea-Bissau from Esbjörnsson et al.
has questioned these long-standing beliefs (18,19,21). Despite their divergent clinical outcomes,
HIV-1 and HIV-2 share a similar replication cycle and a similar genetic organization. The two
viruses only share about 40% overall nucleotide sequence homology, a factor of their different
zoonotic origins: HIV-1 is a result of a transfer of SIV from chimpanzees and gorillas, while HIV2 jumped into humans from sooty mangabey monkeys (5–7,9).
HIV-2 also shares the same routes of transmission as HIV-1, though transmission of this
virus is less efficient, and the timing of the establishment of the HIV-2 reservoir has not been
explored. The HIV-1 reservoir is established early in infection, though the exact timing is unknow.
HIV-1 infection treated as early as ten days after the onset of symptoms still resulted in CD4+ T
cells with replication competent proviruses, and documented cases of infants treated within 30
hours of delivery showed that they experienced viral rebound following treatment interruption
(94,100). Work in adult rhesus monkeys inoculated intrarectally with 500 TCID50
SIVmac251explored the effect of early treatment on the establishment of the SIV reservoir and
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found that it is also seeded early in infection and remains even when ART is commenced shortly
after inoculation (101). In the case of the rhesus monkeys treated 3 days after inoculation, low
levels of proviral DNA were detected in both lymph node mononuclear cells (LMNCs) and
gastrointestinal mucosa mononuclear cells (GMMC), though not in PBMCs. Despite the lack of
detection in PBMCs, viral rebound occurs when ART is discontinued showing that this persistent
viral reservoir is established early in infection (101). The results from SIV-inoculated monkeys
mirror those seen in HIV-1 participants where treatment during acute infection does not abrogate
viral rebound during treatment interruption (102–104). As such, the prevailing hypothesis in the
HIV-2 field is that the seeding dynamics of this retrovirus may be comparable to both SIV and
HIV-1.
An intriguing similarity between HIV-1 and HIV-2 is that those infected with these viruses
have similar levels of proviral DNA levels, suggesting that there is an as-of-yet unidentified
immunological and/or viral mechanism that determines their different clinical outcomes postintegration (12). Furthermore, the longer clinically asymptomatic phase of HIV-2 and the higher
number of long-term non-progressors implies that HIV-2 has a higher tendency towards less virus
production and perhaps less virus transcriptional activity than HIV-1. This suggests that the
mechanisms involved in the maintenance of latency may differ between the two viruses. An
understanding of precisely how and why HIV-2 may have a greater propensity for transcriptional
“silence” could lead to novel insights into how to approach the HIV-1 latent reservoir. To dissect
these mechanisms, however, we need to first better understand the composition of the HIV-2
reservoir. Until recently, it was unknow whether the proviral landscape of HIV-2 would be more
similar to that of HIV-1 or SIV. Bender and colleagues amplified 41 proviral sequences from three
HIV-2 study participants on ART and observed that only one of these (2%) was intact (93). They
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also looked at the reservoir of seven suppressed, SIV rhesus macaques and observed that 28% of
the 287 proviral sequences are intact (93). Their work demonstrated that the HIV-2 proviral
landscape is more similar to that of HIV-1 than SIV, but cautioned that a more complete picture
of the HIV-2 reservoir was needed. In this chapter, we confirm Bender et al. finding and add more
details to the HIV-2 reservoir, by characterizing the HIV-2 proviral landscape of nine HIV-2 study
participants and comparing it to HIV-1 in samples obtained from 13 HIV-1 participants.

Material & Methods
Study population and sample collection
Cryopreserved peripheral blood mononuclear cells (PBMCs) were obtained from
participants enrolled in the HIV Eradication and Latency (HEAL) cohort, a Boston-based
longitudinal cohort of participants with HIV, or followed in the HIV clinics of Miriam Hospital in
Providence (participants 101-104). A total of 13 participants with HIV-1 and 11 participants with
HIV-2 were recruited. The clinical characteristics of the participants, including their current
treatment regimens are in Table 1. Each participant had 90-180cc peripheral venipuncture samples
collected in EDTA-containing tubes and samples were processed within 2 hours of collection.
Plasma was separated following centrifugation at 1500 rpm for 10 minutes, and PBMCs were
isolated by Ficoll-Histopaque density gradient centrifugation. Limitations on the volume of blood
obtainable precluded the isolation of pure resting CD4+ T cell populations. All participants gave
informed consent prior to enrollment; the HEAL biorepository study was approved by the Partners
Human Research Committee.
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Amplification of Proviral DNA
Total DNA isolated from PBMCs for all the HEAL cohort participants was subjected to
limiting dilution prior to near-full-genome length amplification with Platinum Taq HiFi

Table 1: Characteristics of Study Subjects
Patient
ID no.

HIV

Sex

Age

Year of
Diagnosis

Current CD4+
count, cells/mm3

Current antiretroviral therapy*

Months plasma HIV
RNA < 75 copies per mL

01

1

M

54

1998

606

3TC, ABC, EFV

24

04

1

M

37

2005

773

DRV/cobi, FTC TAF

>80

09

1

F

32

2010

1713

EVG/cobi, FTC, TDF

44

16

1

M

56

1984

267

ETR, FTC, RAL, TDF

10

19

1

M

54

2007

416

DRV/r, DTG, FTC, MVC, TAF

6

24

1

M

55

1996

691

EVG/cobi, FTC, TAF

12

25

1

M

31

2012

984

EVG/cobi, FTC, TAF

12

30

1

M

61

2006

1005

EFV, FTC, TDF

>27

31

2

F

55

2009

754

DTG, FTC, TAF

32

32

2

M

60

2005

330

DRV/cobi, EVG, FTC, TAF

>38

38

1

M

52

1996

695

DTG, FTC, TAF

>27

44

1

M

58

2001

448

DTG, FTC, TAF

16

50

1

M

65

~1990

899

DTG, FTC, RPV, TAF

42

52

2

M

67

2005

471

DTG, FTC, TAF

49

57

1

M

58

2012

1346

EVG/cobi, FTC, TAF

17

58

1

M

45

1994

647

DRV/cobi, FTC, TAF

29

61

2

F

44

2005

548

**

91

69

2

F

72

2005

607

DTG, FTC, TAF

>30

82

2

M

47

1995

1462

**

>66

84

2

F

61

1999

383

DRV/r, DTG, FTC, TDF

<12

101

2

F

44

2014

551

EVG/cobi, FTC, TAF

48

102

2

F

48

2002

1141

Treatment naïve

>110

103

2

M

59

2014

516

BIC, FTC, TAF

>12

104

2

M

60

2008

238

EVG,/cobi, FTC, TDF

>12

* 3TC, lamivudine; ABC, abacavir; BIC, bictegravir; DRV/cobi, cobicistat boosted darunavir;
DRV/r, ritonavir boosted darunavir; DTG, dolutegravir; EFV, efavirenz; ETR, etravirine;
EVG/cobi, cobicistat boosted elvitegravir; FTC, emtricitabine; MVC, maraviroc; RAL,
raltegravir; RPV, rilpivirine; TAF, tenofovir alafenamide; TDF, tenofovir disoproxil fumarate
** Not on therapy
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polymerase (Thermo Fisher Scientific). Both HIV-1 and HIV-2 were amplified using a previously
published PCR protocol, but for HIV-2 the annealing temperatures were adjusted to 70 oC for the
first 10x rounds of amplification and 65 oC for the following 25x rounds of amplification (105).
The sequences of the HIV-1 primers for the first- and second-round PCR reactions were previously
published

and

are

as

follows:

first-round

forward

primer:

5’-

AAATCTCTAGCAGTGGCGCCCGAACAG-3’ (HXB2: 623-649); first-round reverse primer:
5’-TGAGGGATCTCTAGTTACCAGAGTC-3’ (HXB2: 9662-9686); second-round forward
primer: 5’-GCGCCCGAACAGGGACYTGAAARCGAAAG-3’ (HXB2: 638-666); and secondround reverse primer: 5’-GCACTCAAGGCAAGCTTTATTGAGGCTTA-3’ (HXB2: 96049632) [14,15]. The HIV-2 amplification primers were based on the HIV-2 prototype strain, ROD
(GenBank: X05291.1), a subtype A virus that accounts for the majority of HIV-2 infections (106).
The sequences for the first- and second-round PCR reactions were as follows: first-round forward
primer: 5’- AGTGTGTGYTCCCATCTCTCCTAGTCGCCGCCTG-GTCAYT -3’ (ROD: 240284);

first-round

reverse

primer:

5’-

GAACACCCAGGCTCTACCTGCTASTGCTGGAGAGAACC -3’ (ROD: 9537-9574); secondround forward primer: 5’- GRAAAATCCCTAGCAGRTTGGCGCCYGAACAGGGAC-3’
(ROD:

285-320);

and

second-round

reverse

primer:

5’-

GAGAACCTCCCAGGGCTCRATCTGCCAGCCTCTSCGCAGAGCGAC -3’ (ROD: 94999543). PCR amplicons were directly sequenced by next-generation single-genome sequencing
(NG-SGS) using an Illumina deep sequencing platform. For one HIV-2 participant (Heal 69), a
different set of forward primers, designed based on HIV-2 subtype B prototype strain EHO
(GenBank: U27200.1), were used after the original forward primers failed to amplify any
sequences.

These

are:

first-round
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primer:

5’-

TGCTTTGGGAAACCRARGCAGGAAAATCCCTAGC-3’ (EHO: 817-850); and second-round
primer: 5’- GCAGGAAAATCCCTAGCAGATTGGCGCCCGAA-CA-3’ (EHO: 834-867); the
same reverse primers were used.

Proviral Landscape Characterization Pipeline
Provirus amplicons were sequenced using Next-Generation Single Genome Sequencing
(NG-SGS) using an Illumina deep sequencing platform by the Center for Computational and
Integrative Biology (CCIB) DNA Core at Massachusetts General Hospital (MGH). Sequenced
proviruses were manually analyzed and classified into one of five categories: large deletion
(<8,000 bp); hypermutated; carrying a deletion in the packing signal (PSI in HIV-1, DM in HIV2) or a mutation in the major splice donor (MSD in HIV-1, SD in HIV-2) site; carrying a large
internal deletion (INDEL), carrying a stop codon or frameshift mutation; or intact using a pipeline
adapted from previously published methods and are briefly summarized here (85,107). First, for
each participant amplified proviruses with APOBEC3G-mediated hypermutation were identified
using the Los Alamos National Laboratory HIV Sequence Database Hypermut algorithm in two
steps (108). During the first step, proviruses were compared to HXB2 or ROD, noted as
hypermutated or not, and non-hypermutated proviruses were used to create a consensus, nonhypermutated sequence. Then, all proviruses for each patient were compared to the patient-specific
consensus sequence and determined as hypermutated using the Hypermut tool. Non-hypermutated
sequences were then aligned to HXB2 or ROD using the Los Alamos National Laboratory HIV
Sequence Database HIVAlign tool and INDELS were identified as sequences with an equal or
greater than 2% difference in the length of each HIV gene (109). PSI deletions and MSD mutations
were identified by aligning provirus sequences to HXB2 or ROD using Geneious Prime® 2019.1.1
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software and checking for deletions and mutations in specific sites: the four stem loops of PSI and
the MSD for HXB2, and the HIV-2 PSI and SD (65,110). Proviral sequences that lacked any of
these defects were considered intact and labeled as such.

Results
Overview of Study Population
Eleven study participants with HIV-2 were recruited for this study, including eight who are
on ART. An additional 13 participants with HIV-1 were also recruited. For HIV-1 participants,
the median CD4 count was 625 cells/mm3 (SEM=109), all patients were on ART, and all had
plasma virus loads that were below the limit of detection. At the time of blood draw, eight of the
eleven HIV-2 participants were receiving ART, with a median CD4 count of 548 cells/mm3
(SEM=110) and nine of the eleven participants had undetectable viral loads. Given the relative
rarity of HIV-2 participants, the HIV-2 and HIV-1 cohorts differ in regards to sex, CD4 counts,
and months with undetectable plasma viral loads (11). In some cases, this may reflect differences
in the biology of the two viruses and how they behave in human populations. Despite this, the
HIV-2 and HIV-1 study populations have similar age distributions (Table 2).
We measured levels of cell associated RNA (caRNA), total DNA and plasma RNA for the
13 HIV-1 and 11 HIV-2 participants (Table 3). Levels of both total DNA and caRNA were higher
in HIV-2 study participants, though for neither was this difference statistically significant. We also
observed substantial variation between HIV-2 study participants for both measurements, as
illustrated by the large interquartile range. For the 11 HIV-2 study participants, total DNA
measures are 75 copies at Q1 and 1586 copies at Q3. For caRNA, Q1 is 105 and Q3
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Table 2. Demographic characteristics of HIV-1 and HIV-2 Study Participants
HIV-1
(N=13)

HIV-2
(N=11)

HIV-2 on ART
(N=8)

HIV-2 not
on ART
(N=3)

92.3%

45.5%

50%

33%

Age, median, years

54

59

60

47

Years since diagnosis, median

18

14

14

17

Months undetectable viral load, median

24

38

31

91

CD4 count, median

695

548

494

1141

White

46.2%

0

0

0

Black

38.5%

81.8%

87.5%

66.6%

Hispanic

15.4%

0

0

0

Asian

0%

9.1%

0

33.3%

Biracial

0%

9.1%

12.5%

0

Male, n (%)

Race
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Table 3. Participant Reservoir Measurements
Age
(MEAN±
SEM)

CD4 count
cells/mm3
(MEAN±
SEM)

HIV DNA Copies per 106
PBMCs

HIV caRNA Copies per 106
PBMCs

Plasma HIV RNA
Copies per mL

Q1

Median

Mean

Q3

Q1

Median

Mean

Q3

HIV-1

50 ± 4

806.9 ± 109.1

64

92

155

199

286

737

1626

1512

Below LOQ1

HIV-2

55 ± 3

636.5 ± 109.7

75

122

1496

1586

105

3126

3706

7414

Below LOQ1,2

59 ± 4

554.6 ± 89.4

82

241

1840

3340

45

2256

3271

7223

Below LOQ1,2

46 ± 1

1050 ± 267.7

65

85

579

1586

3108

4076

4866

7414

Below LOQ1,2

HIV-2
on ART
HIV-2
not on
ART
1

Measured supernatants were either undetectable or detectable but below the limit of quantification
(LOQ) of 20 copies per mL
2
For two HIV-2 participants, the measured plasma RNA copy was above the LOQ. HEAL 82 (not
on ART) had 39 copies per mL, and Miriam 101 (on ART) had 48 copies per mL
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7414. We did not observe the same level of variation in terms of total DNA and caRNA in the
HIV-1-infected study participants. Higher levels of total DNA in HIV-2 study participants suggests
a longer seeding period, potentially due to challenges in diagnosing HIV-2 infection, the lack of a
quantitative HIV-2 RNA assay for assessing treatment effectiveness and the absence of clear
guidelines for treating patients infected with HIV-2 (111).

Comparing the proviral landscape of HIV-1 and HIV-2
We amplified and sequenced near-full-genome length proviral amplicons for all 13 HIV-1
participants and nine of the eleven HIV-2 participants, including five of the eight participants on
ART (Figure 2.01). Two participants – 102 and 103, recruited from Miriam Hospital – failed to
produce amplicons with either the ROD or EHO primers and were removed from the participant
cohort and all subsequent results do not include them. We set an endpoint of 20 near-full length
sequences per participant for the SGA step, which we defined as sequences of greater than 8,000
bp in length. Twenty or more near-full length amplicons were achieved for all but one HIV-1
participant (Heal 09). We also counted the total number of amplicons generated with less than
8,000 bp and these were also sequenced. In total, we generated 257 and 235 near full-length
amplicons for HIV-1 and HIV-2, respectively. There were an additional 436 and 443 amplicons
with large deletions (<8,000 bp) for HIV-1 and HIV-2, respectively. The average total proviral
genomes amplified for each participant was 53 and 68 for HIV-1 and HIV-2 study participants,
respectively.
HIV-1 and HIV-2 amplified proviruses were deep sequenced using NG-SGS Illumina
sequencing and analyzed to see if they were defective or intact. Defective sequences were further
categorized as containing a large deletion, hypermutated, having a deletion in the packaging signal
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Figure 2.0.1. Amplification and characterization of near full-length amplicons of the HIV
provirus. (A) The HIV-2 DNA genome with the first- and second-round single genome
amplification (SGA) primers in the 5’ and 3’ LTR regions used to generate an amplicon that is
directly sequenced using Next-Generation Sequencing (NGS). (B) Sequenced amplicons were
passed through a pipeline to discern if they were intact or defective and, if defective, what type of
defect they contain.
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and/or a mutation in the major splice donor, carrying an internal deletion (INDEL) or a lethal
mutation such as a frameshift or stop codon. The cumulative proviral landscape of our 13 HIV-1
participants and nine HIV-2 participants is shown in Figure 2.2. The individual proviral landscape
of each of the nine HIV-2 and 13 HIV-1 participants is shown in Figure 2.3.
For both HIV-1 and HIV-2 study participants, defective proviral genomes constituted the
majority of the amplified HIV reservoir: 98 percent for HIV-1 and 91 percent for HIV-2. Among
the defective proviruses, HIV-1 and HIV-2 study participants had similar proportions of the
various defect categories, with the exception of PSI deletions and MSD mutations (called DM
deletions and SD mutations for HIV-2) where 15 percent of amplified HIV-1 proviruses contain
such a defect, but only 8 percent of amplified HIV-2 proviruses have a deletion in this region.
While, Figure 2.2 provides information about the proviral landscape for our nine HIV-2
participants and allows us to compare it to our 13 HIV-1 participants, it masks the amount of
variation observed between both HIV-1 and HIV-2 infected study participants in terms of their
individual proviral landscapes. Figure 2.03 illustrates the participant-level variation in proviral
reservoir composition, with some participants showing no intact proviruses among the sequences
amplified (e.g., Participant 01 and 32) and others showing a much larger percentage of intact
amplicons (e.g., Participant 04, 61 and, most dramatically, 31). This variation has an impact on the
cumulative proviral landscapes generated for both HIV-1 and HIV-2 study participants. While we
observed a greater proportion of intact proviral sequences in HIV-2 participants, relative to HIV1, this difference was driven by a large proportion of intact sequences isolated from one participant
with HIV-2. For participant 31, 30 out of 33 amplicons (91%), were intact by our analysis. This
drove the cumulative intact percentage of HIV-2 proviral sequences to 8.7 percent. If the sequences
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HIV-1

HIV-2

(Total: 719)

(Total: 678)
Large Deletion - 65.3%
Hypermutated - 11.4%
DM/SD - 7.7%
INDEL+Stop Codons+Frameshift - 6.4%
Intact - 8.7%

Large Deletion - 60.6%
Hypermutated - 15.7%
PSI/MSD - 14.8%
INDEL+Stop Codons+Frameshift - 6.5%
Intact - 2.4%

Figure 2.0.2. The cumulative proviral landscapes of HIV-1 and HIV-2 study cohorts. The
cumulative percentage of each of the five categories is shown for the thirteen HIV-1 participants
(left) and nine HIV-2 participants (left). Color key: Large deletion (lavender); hypermutated (sky
blue); PSI deletion and/or MSD mutation (magenta); INDEL, stop codons and/or frameshift
mutation (orchid); and intact (eggplant).
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HIV-2

Intact

100

INDELs, Stop Codons & Frameshift

Percentage of Genomes (%)

PSI & MSD for HIV-1; DM & SD for HIV-2
Hypermutated

80

Large Deletion
60

40

20

1

4
10

10

84

82

69

61

52

32

31

0

HIV-1

Percentage of Genomes (%)

100

80

60

40

20

58

57

50

44

38

30

25

24

19

16

09

04

01

0

Figure 2.0.3. Comparison of individual proviral landscapes for HIV-2 and HIV-1 participant
cohorts. Each study participant, shown on the x-axes, is represented by a column subdivided into
the percentage of genomes in each category. Color key: Large deletion (lavender); hypermutated
(sky blue); PSI deletion and/or MSD mutation (magenta); INDEL, stop codons and/or frameshift
mutation (orchid); and intact (eggplant).

46

from participant 31 are excluded, the percent of intact sequences decreased to 4.5% for all HIV-2
participants.
Of the defect categories included in our pipeline, large deletions were the most common
defect for both HIV-1 and HIV-2 participant cohorts, with 61 and 65% of genomes, respectively,
carrying large deletions. For both HIV-1 and HIV-2, deletions covered a large percentage of the
genome, an average of 64.8% for HIV-1 and 41.4% for HIV-2; this difference was significant
(p<0.0001). The two viruses also differ in the distribution of the deletions, with HIV-1 having
more deletions in the 3’-end (67%), while for HIV-2 there were a higher percentage of deletions
in the 5’-end (62%).

Evidence of Clonal Expansion in HIV-2
To evaluate for cross-contamination between HIV-2 samples in the amplification process,
we performed a phylogenetic analysis and generated a neighbor joining tree that included all near
full-length sequences obtained. A total of 158 sequences were included; hypermutated sequences
were not included in the phylogenetic analysis (Figure 2.5). For each participant, distinct branches
were observed, ensuring that there was no cross-contamination between participants during any
step of the SGA procedure.
While integration site analysis was beyond the scope of this initial work, for certain
participants there is evidence of clonal expansion in the phylogenetic tree (Figure 2.5).
Amplification of the provirus of participant 31 generated 25 amplicons of the same length (9,304
bp), of which, 10 amplicons and 11 amplicons form two clusters that differ due to a single
mismatch at position 9,303. The other four amplicons of the same length have other mismatches.
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ROD

52

31

101

104

32

61

84

69

82

Figure 2.0.4. Neighbor-joining tree for all non-hypermutated HIV-2 near-full-length
proviral sequences. The table includes all nine HIV-2-infected study participants as well as ROD,
the HIV-2 reference strain, as an outgroup. Each participant is color-coded and the ID of each
participant is on the right of the tree.
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Two or more identical proviral amplicons are also observed in participants 69, 84 and 104.

Discussion
Until recently, the nature of the HIV-2 proviral landscape was largely undefined. Bender
and colleagues amplified 41 sequences from three HIV-2 participants on ART and found that 40
of them (98%) were defective, showing that the HIV-2 proviral landscape more closely resembles
that of HIV-1, which is largely defective, than SIV (85,88,89,92,93,99). Our amplification of 678
proviral genomes, 235 of which are near-full-length, from nine HIV-2 study participants, expands
and adds to their work. We also amplified 693 proviral genomes, including 257 which are nearfull-length, from 13 HIV-1 participants and analyzed them using a same pipeline. Our analysis
found that the HIV-2 proviral landscape of our nine study participants was approximately 91
percent defective, a proportion more similar to that of HIV-1 than SIV, which Bender et al. found
to be 28% intact (93). The types of defects we identified in the HIV-1 and HIV-2 proviral
landscapes were also similar, particularly in terms of the percentage of total sequences categorized
as containing a large deletion (61 percent and 65 percent, respectively) or APOBEC-mediated
hypermutation (16 percent and 11 percent, respectively). The HIV-2 percentages of these two
defect categories are also similar to what Bender et al. found for their three HIV-2 study
participants: 66% of genomes had large deletions and 12% had hypermutations. For the SIV
proviral landscape, on the other hand, 58% of genomes had large deletions, 13% were
hypermutated and another 19% had both large deletions and hypermutation (93). Our investigation
of the HIV-2 proviral landscape coupled with Bender et al., suggests that the HIV-2 proviral
landscape is more similar to HIV-1 in humans than SIV in non-human primates, despite HIV-2
being more closely related to SIV and sharing a greater sequence homology with this virus (5).
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Beyond a general similarity in the proportions of defective proviruses, HIV-1 and HIV-2
reservoirs share other resemblances. Our results show that for the participants with HIV-2 we
studied, the character of the provirus varies greatly amongst individual patients. For some, intact
proviruses make up a larger proportion of the total amplicons (as seen in participants 31 and 61).
On the other hand, and similar to what has been reported for other study cohorts as well as our
participants with HIV-1, for a number of participants no intact proviruses are amplified, suggesting
that for many individuals with HIV-2, the percentage of intact proviruses may be below the average
of 9 percent we found. In fact, when participant 31 was removed from the analysis, the proportion
of intact amplicons for the remaining eight participants with HIV-2 fell to 5%, which is much
closer to what we found for our HIV-1 participants (2.4 percent) and also what has been previously
described for HIV-1 (85,88–90,98,99).
In their analysis of the proviral genomes of three HIV-2 participants, Bender et al. also
looked for evidence of clonal expansion, and found a pair of identical sequences for one of the
participants. In our expanded cohort, we identified two or more identical proviral amplicons for
four HIV-2 participants: 31, 69, 84, and 104. Of these, 31 has the greatest number of identical
sequences, with two clusters of ten and 11 identical sequences. Clonal expansion, which occurs in
those infected in HIV-1, plays a role in maintaining the HIV-1 reservoir (90,98,112). Integration
site analysis of the HIV-2 proviruses will be needed to confirm clonality of the identical sequences,
but the evidence we found here in four of the 9 participants suggests that clonal expansion also
plays a role in maintaining the HIV-2 reservoir.
The ways in which the HIV-2 proviruses were defective also varied amongst individual
participants, and this is shared with the HIV-1 study participants. While large deletions constituted
the bulk of the defects for many participants, in others G-to-A hypermutation, mutations and
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deletions in the packaging signal and major splice donor, stop codons and frameshift mutations
were the primary defect identified. This suggests that there are many roads to defective proviruses
in the HIV reservoir. Pollack et al. have proposed that when defective HIV-1 proviruses are
expressed, different types of defects may be targeted by HIV-1-specific cytotoxic T lymphocytes
(CTLs), thus contributing to the overall nature of the proviral landscape (113). The HIV-2
reservoirs we investigated show similarly varied distributions in terms of the types of categories
and the percentages of proviruses in each category; investigating whether defective HIV-2
proviruses are expressed and, subsequently, targeted by CTLs, will demonstrate where the HIV2 proviral landscape is also shaped by similar forces.
The one defect for which there was a greater disparity in the total percentage of sequences
between the HIV-1- and HIV-2-infected participants were deletions in the PSI and mutations in
the MSD: 14.7 and 7.7 percent, respectively. One possibility for this disparity is the difference in
the size of the PSI, or packaging signal, of HIV-1 and HIV-2 viruses. The packaging signal is
required for the correct packaging of the both HIV-2 and HIV-1 RNA genomes into assembling
virions and in the HIV-1 5’-UTR, it is formed by four stem loops (SL1, SL2, SL3 and SL4) that
together span a non-continuous area of almost 100 nucleotides (the MSD is in SL2) (107,114).
The packaging signal of HIV-2, on the other hand, is much shorter: a 43 nucleotide stem loop
called SL-1 upstream of the major splice donor (65,67). Given that the PSI of HIV-1 encompasses
an area in the 5’-UTR that is two times longer than the HIV-2 PSI, this might explain the almost
double increase in the percentage of proviruses that are deemed defective due to deletions in the
PSI and mutations in the MSD.
A potential limitation of the study is our inability to amplify HIV-2 group B sequences.
Our initial set of primers were based on ROD, the canonical sequence for HIV-2 group A, and this
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set successfully amplified eight of the 11 HIV-2 participants. A second set of forward primers
based on EHO, the canonical sequence for HIV-2 group B, was designed for the remaining three
participants and successfully amplified participant 69. Two participants, 102 and 103, failed to
amplify with either ROD or EHO primers, which may be due to a low total DNA or to primer
mismatch. It’s unknow whether the proviral landscape varies between HIV groups; the
characterization of the proviral genomes of participant 69 suggests that this is not the case.
Nonetheless, developing a set of primers that consistently amplifies HIV-2 group B proviruses is
necessary.
Our investigation of the reservoir of nine participants with HIV-2 built on the previous
work by Bender et al., and together they reveal a proviral landscape that more closely matched
that reported for HIV-1. Further research will delve into the nuances of this similarity, particularly
in determining whether clonal expansion occurs with HIV-2. Though HIV-2 is more closely
related to SIV, with which it shares a higher sequence homology, its provirus landscape mirrors
that of HIV-1. This suggests that host factors, rather than viral factors, play a bigger role in the
shaping of the HIV reservoir, both during the establishment of the reservoir and subsequently
during its maintenance. Uncovering these factors and seeing how their effect on HIV-1 and HIV2 diverges, may uncover new targets to be exploited in an HIV cure strategy.
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CHAPTER 3
HIV-2 Reservoir Dynamics and Reactivation from Latency
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Abstract
The HIV latent reservoir, a pool of replication competent integrated viruses that are not actively
producing new HIV virions yet retain the ability to do so, is a major barrier to cure. Within the
HIV-1 field, “shock and kill,” where reactivation of latently-infected cells is followed by cell
death, has been proposed as a potential cure strategy and has been investigated over the past
decade. HIV-2, which infects 1 to 2 million individuals and is endemic in West Africa, has been
less well studied. Furthermore, the reservoir dynamics of HIV-2 in virologically suppressed
patients are unknown. To understand how latency reversing agents (LRAs) may induce HIV-2
transcription and virion production, we performed ex vivo reactivation experiments with peripheral
blood mononuclear cells (PBMC) isolated from participants with HIV-2. When we control for
total HIV DNA, we observed that HIV-1 and HIV-2 PBMC produce comparable amounts of cellassociated RNA following reactivation. However, at the supernatant RNA level, HIV-1 PBMCs
produced significantly higher levels of virion-associated RNA, when compared to HIV-2 PBMCs
following reactivation with bryostatin, romidepsin, PMA/ionomycin and aCD3/aCD28 beads.
This finding suggests that LRA can reactivate HIV-2 transcription to produce cell-associated RNA
but that a block exists which prevents virion production at rate equivalent to HIV-1.

Introduction
Acquired immunodeficiency syndrome (AIDS) can be caused by two lentiviruses: HIV-1,
which is responsible for the global AIDS pandemic, and HIV-2, which is endemic in west Africa
and is estimated to have infected 1 to 2 million individuals (115). While the two viruses have
similar genetic structures, these belie marked differences in their clinical outcomes. Of the two,
HIV-1 has a higher pathogenicity with the majority of people living with this virus progressing to
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AIDS; HIV-2, on the other hand, has a much lower pathogenicity, with up to 95% of infected
individuals reported as long-term non-progressors (LTNPs) (18,116). Compared to HIV-1,
infection with HIV-2 is also generally associated with a longer asymptomatic stage and lower
mortality (116).
Disease progression to AIDS is strongly correlated with plasma HIV RNA levels, or viral
load. In antiretroviral therapy (ART) naïve individuals, those infected with HIV-1 have a viral load
that is 1.5 to 2 log10 higher than those infected with HIV-2 (12). Furthermore, in clinical settings
in west Africa, 25 to 40% of HIV-2 infected, ART naïve individuals have viral loads that are below
the detection limits of current assays (115). Levels of cell-associated RNA are also higher in HIV1 ART-naïve study participants compared to individuals with HIV-2 (117).
While both plasma RNA and cell-associated RNA (caRNA) levels were higher in HIV-1
than HIV-2 infected ART-naïve patients, total and integrated DNA levels were similar for
individuals living with either virus (117). This suggests that the slower disease progression of HIV2 compared to HIV-1 is not due to lower rates of viral integration into the human genome, but
rather to unidentified post-integration factors. Moreover, the ability of HIV-2 virus to establish a
pool of integrated viruses that show subsequent limited transcription, has led some to suggest that
this retrovirus has a higher predisposition for establishing a latent infection compared to HIV-1
(117).
Previously published comparisons of HIV-1 and HIV-2 DNA and caRNA were performed
in ART-naïve participants. Similar comparisons have not been performed for participants with
HIV1 or HIV-2 infection on suppressive ART. With the growing number of patients with HIV-2
on ART and the suggestion that HIV-2 may have a higher tendency for latency, we investigated
the reservoir dynamics of HIV-2 in patients receiving therapy who have achieved virologic
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suppression. Moreover, while latency reversal has been extensively studied in HIV-1 patients with
the use of latency reversal agents (LRAs), the same has not been true in HIV-2-infected
individuals. Should “shock and kill,” a two-step process that first uses LRAs to reactivate HIV in
latently infected cells, allowing these cells to then be killed by the immune system or drugs,
become a viable cure strategy for HIV-1, it is critical to investigate whether it could also be used
as an intervention for those living with HIV-2 (82,118–120).
“Shock and kill” is one of a handful strategies for targeting viral reservoirs and reducing
them to a level that results in either viral eradication or extended remission in the absence of ART.
Current eradication strategies aim to reactivate latent HIV transcription in the presence of ART
and then clear the reservoir, defined as cells that contain proviruses capable of expressing
infectious virus, either through direct viral cytopathic effects or immune-mediated cytolytic T cell
activity (121). Over 160 compounds with in vitro LRA activity, acting through a variety of
mechanisms, have been identified, including histone deacetylase inhibitors (HDACi) like
vorinostat and romidepsin, protein kinase C (PKC) agonists like a phorbol 12-myristate 13-acetate
(PMA) and bryostatin, and Toll-like receptor (TLR) agonists like GS-9620 and CL413 (122).
Despite the large number of potential LRAs identified and the clinical studies that have occurred
since 2012, a LRA that is able to both increase HIV RNA transcription and lead to a decrease in
the size of the reservoir has yet to be identified (122,123). For instance, histone deacetylase
inhibitors (HDACi) have been studied in small human trials as HIV latency reversing agents
(LRA) but their effects have been mixed. Single dose vorinostat stimulates in vivo intracellular
HIV-1 RNA synthesis, but at clinically relevant concentrations reactivates <0.1% of proviruses to
produce virions (83,124). Furthermore, multiple vorinostat doses did not result in detectable
plasma viremia and lead to a loss of HIV-1 transcriptional reactivation (125,126). The more potent
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HDACi romidepsin and panobinostat induced virion production and plasma viremia in some
studies, but not in others (87,127–130).
Unlike HDACi, which increase HIV-1 transcription but do not induce immune activation,
T cell receptor agonists (e.g. PHA/IL-2) or compounds that activate PKC and Ca2+ influx (e.g.
phorbol 12-myristate 13-acetate [PMA] with ionomycin) generally cause immune activation and
maximal HIV-1 reactivation (131). The degree to which LRA that do not activate T cells can
induce HIV-1 outgrowth remains an open question (127,132–134). Virion production may or may
not be necessary for cure but, at a minimum, the synthesis of virus proteins is an absolute
requirement for any strategy that leverages humoral or cell-mediated immunity to eradicate HIV.
TLR agonists work as LRAs by activating the TLR innate immune system, which, through
a variety of pathways depending on the exact TLR targeted and cell type, subsequently triggers
proviral reactivation (122). Agonists against several TLRs, including TLR1/2, TLR7, TLR8 and
TLR9, have been shown to induce HIV expression in latent cells (84,135–137). TLR7 agonists
have also been tested in SIV-infected rhesus macaques; macaques orally treated with a GS-986,
an analog of GS-9620, saw a transient immune activation following dosage as well as detectable
plasma viremia (138).
Beyond TLR7, a handful of SIV research teams have investigated the effect of other LRAs
on SIV-infected macaques on antiretroviral therapy, many with the intent of using nonhuman
primate (NHP) models to see what occurs at the tissue level following reactivation (139–141).
HIV-2 is more closely related to SIV, with which it shares 75% sequence homology, than to HIV1 and, as such, latency reversal behavior in SIV provides a model of what may be observed for
HIV-2 (5). Del Prete and colleagues infused romidepsin into virologically suppressed,
SIVmac239-infected Indian rhesus macaques and observed a significant increase in plasma
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viremia compared to macaques infused with saline. This effect, however, was transient and limited
to when the macaques were receiving romidepsin infusions (140). The following year, Policicchio
et al. observed no increases in plasma viremia following a single four-hour romidepsin perfusion
into virologically suppressed, SIVsmmFTq-infected Indian rhesus macaques; multiple doses of
romidepsin were needed to reactivate SIV in vivo (139). Work in pigtailed macaques, dually
infected with SIVDeltaB670 and SIV17E-Fr and then virologically suppressed with a central
nervous system-penetrant ART regimen consisting of tenofovir, darunavir, ritonavir and the
integrase inhibitor L000870812, investigated the effect of ingenol-B (10 nmol/l), a PKC activator,
on latently infected CD4+ T cells isolated from the macaques and observed a significant increase
in viral transcription (141). They then treated the macaques with increasing levels of ingenol-B
(0.4 mg/kg/day for 30 days, then 0.6 mg/kg/day for 10 days) and found no changes in viral load.
When ingenol-B (0.5 mg/kg/day) was combined with vorinostat (6 mg/kg subq. infusion 4 times),
an HDAC inhibitor known to synergize with PKC agonists, for 10 days, plasma viral loads became
detectable in one of the three pigtailed macaques (141). Reactivation work in NHPs reproduces
results seen in the HIV-1 field, where (a) ex vivo transcriptional reactivation in isolated cells does
not necessarily lead to in vivo increases in viral load, and (b) combinations of LRAs and/or
repeated dosing may be necessary (87).
A number of factors, such as transcriptional regulation and chromatin remodeling, are
involved in establishing and maintaining latency and the mode of action of LRAs reflect this
multiplicity: HDAC inhibitors increase the acetylation of histone proteins making integrated
proviruses more accessible to transcription factors, while PKC agonists like bryostatin work
through the NF-kB and AP-1 signaling pathways (122,142,143). The absence of cellular
transcription factors like NF-kB in the nuclei of resting CD4+ T cells is one such contributor to
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the maintenance of latency and it has the potential to affect HIV-1 and HIV-2-infected cells
differently (142). The HIV-2 enhancer region of the long terminal repeat (LTR) and the
transcription factor binding sites it contains is substantively different from HIV-1 (61). Notably,
the HIV-2 enhancer region lacks AP-1 binding sites and contains only a single functioning NF-kB
binding site; plasmids containing the HIV-2 enhancer region were less responsive to T cell
activation signals than plasmids containing the HIV-1 region (61). This suggests that PBMC
isolated from participants with HIV-2 may produce lower levels of HIV-2 caRNA transcripts
following treatment with PKC activators like bryostatin.
Given what we know about differences in the levels of both cell-associated RNA and
plasma viremia in ART-naïve individuals with HIV-2, the composition of the HIV-2 enhancer
region, and previously published results from SIV-infected macaques, we hypothesized that HIV2 latency reversal may be more limited than HIV-1 (61). Following ex vivo reactivation, we
anticipated that PBMC from participants with HIV-2 would produce lower levels of both cellassociated and supernatant RNA compared to HIV-1 PBMC. To test this, we treated isolated
PBMC with a selection of latency reversal agents (LRAs) and doses and investigated how HIV-1and HIV-2-infected PBMCs differed in their LRA responses. We found that, compared to PBMC
isolated from HIV-1-infected study participants, HIV-2 PBMC produced significantly lower levels
of virion-associated supernatant RNA following treatment with bryostatin, romidepsin,
PMA/ionomycin and aCD3/aCD28 beads. Interestingly, a corresponding difference in HIV-2
caRNA levels after LRA treatment was not observed.
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Materials & Methods
Study population and sample collection
Samples were obtained from participants enrolled in the HIV Eradication and Latency
(HEAL) cohort, a Boston-based longitudinal cohort of participants with HIV, or followed in the
HIV clinics of Miriam Hospital in Providence. A total of 13 participants with HIV-1 and 11
participants with HIV-2 were recruited and clinical characteristics of the participants are shown in
Table 1 from Chapter 2. All participants gave informed consent prior to enrollment, and had a 90180cc blood draw into EDTA-containing Vacutainer tubes. Whole blood samples were processed
within two hours of collection; plasma was separated and PBMCs isolated by Ficoll-Histopaque
density gradient centrifugation before being cryopreserved. Smaller blood draw volumes for a
number of HIV-2 participants precluded the isolation of pure resting CD4+ T cell populations,
resulting in our decision to perform the reactivation experiments using PBMCs.

LRA treatment conditions
The panel of LRAs used was selected as a result of the different mechanisms of action of
the LRAs (Table 2). PBMCs were stimulated with latency-reversing agents at the following
concentrations and incubation times: 10 nM Bryostatin-1 for 24 hours; 20 nM bryostatin-1 for 24
hours; 10 nM bryostatin-1 for 48 hours; 20 nM romidepsin for 24 hours; 80 nM romidepsin for 24
hours; 100 nM GS-9620 for 24 hours; 1000 nM GS-9620 for 24 hours; 50 ng/mL PMA + 1 uM
ionomycin for 24 hours; 50 ng/mL PMA + 1 uM ionomycin for 48 hours; anti-CD3/anti-CD28
beads (1:1 ratio) for 24 hours; anti-CD3/anti-CD28 beads (1:1 ratio) for 48 hours; or with 5 µl of
DMSO for 24 hours as the no-drug control. LRA concentrations were chosen based on previous
ex vivo studies [22-26]. Cryopreserved PBMCs isolated from HIV-1 or HIV-2 infected individuals
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were thawed and rested overnight in R10 media with raltegravir (2 µM) and tenofovir (2 µM) to
prevent new rounds of infection. PBMCs were then counted and three to five million PBMCs were
seeded into each well in a volume of 5 mL RPMI that includes 10% FBS and 1%
penicillin+streptomycin as well as 2 µM raltegravir and 2 µM tenofovir. Each well was treated
with a different LRA. Following 24- or 48-hour incubations, cells were harvested, and spun at
1500 rpm for 10 minutes. The supernatant was removed, spun at 2500 for 10 minutes, passed
through a 0.22 µm filter, and stored at -80 oC. Cells were resuspended in 1 mL of RPMI, spun at
1500 rpm for 10 minutes, after which the supernatant was removed via aspiration, leaving only the
pellet. Immediately following this, cell-associated RNA and DNA were isolated using AllPrep
DNA/RNA Mini Kit (Qiagen).

HIV-2 DNA and RNA qPCR Assay Design
HIV-2 subtype A accounts for the majority of HIV-2 infections. We used the subtype A HIV-2
prototype strain, ROD (GenBank: X05291.1), as our qPCR standard template (106). We selected
an HIV-2 region that spans part of the LTR and the gag gene for our standard template, and this
fragment using primers ROD9475 (CCCGCTAGCTTGCATTGTACTTCG, ROD: 9475-9498)
and

OG106

(GCCTTCTGAGAGTGCCTGAAATCC;

ROD:

1062-1085),

which

are

complementary to regions of ROD that are external to the binding sites of the previously published
qPCR primers (146). Platinum Taq High Fidelity Polymerase (Invitrogen) was used for all
reactions: 94oC for 2 m; then 40 cycles of 94oC for 15 s, 60oC for 30s, 68oC for 1 m 30 s; then
68oC for 5 m. The 1,108-bp amplicon was gel extracted (QIAquick Gel Extraction Kit, QIAGEN)
and cloned into the pCR4-TOPO vector TA vector (Invitrogen); the plasmid was electroporated
into One Shot® TOP10 Electrocomp E. coli (ThermoFisher Scientific) and expanded. DNA
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standard templates were generated by amplifying the cloned ROD standard template using M13
primers (FOR: GTAAAACGACGGCCAG; REV: CAGGAAACAGCTATGAC), gel extracted,
quantified and serially log10-diluted to generate DNA standards from 106 copies to 1 copy. RNA
standard templates were generated by linearizing the plasmid with PmeI (New England Biolabs)
digestion and transcribing template region RNAs (MEGAscript T7 Transcription Kit, Invitrogen).
RNA transcripts were extracted and purified using phenol:chloroform and isopropanol as
described, quantified, and serially diluted in DEPC-treated water from 106 to 1, including a 5- and
2-copy standard.

Measurements of intracellular HIV
Total DNA and cell-associated RNA were extracted from the centrifuged pellet using
AllPrep DNA/RNA Mini Kit (Qiagen) and levels of cell-associated RNA quantified same-day (i.e.
no freeze-that cycle) by validated real-time quantitative PCR (qPCR) assays that used a one-step
RT-PCR kit (TaqMan Fast Virus 1-Step Master Mix, Applied Biosystems). Total DNA levels were
measured by qPCR using TaqMan Universal PCR Master Mix (Applied Biosystems). HIV-1 and
HIV-2 persistence markers were quantified using previously published primers and probes
(146,147). For HIV-2, we used the qPCR assays described above. Total DNA and cell-associated
RNA quantifications are presented as copies of DNA or cell-associated per 106 million PBMC.
PBMC numbers was determined by measuring CCR5 as previously described (147).

Measurements of supernatant and blood plasma viremia
For RNA extraction of filtered culture supernatant collected from each LRA condition and
blood plasma (4.5 mLs for each patient), plasma and culture supernatant were thawed and then
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Table 1. LRA Panel
Name

Concentration

Bryostatin

10 and 20 nM

Romidepsin

20 and 80 nM

GS-9620

100 and 1000
nM

PMA/ionomycin
aCD3/aCD28 beads

PMA: 50
ng/mL
Ionomycin: 1
µM
1:1 bead to cell
ratio

Mode of Action
Protein kinase C (PKC) agonist; induces
reactivation through the NF-kB and AP-1
signaling pathways
Histone deacetylase (HDAC) inhibitor; increase
acetylation of histone proteins promoting
transcription
TLR7 agonist; promotes secretion of type I
interferons (IFNs) that stimulates interferon
stimulating gene (ISG) expression

Reference
(134,142)
(127)
(84,148)

PMA: PKC activator; activates T cells inducing
cytokine release
Ionomycin: calcium ionophore and PKC activator

(144,149),(
150,151)

T cell activation

(145)
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spun at 3000 rpm for 25 minutes at 4 oC to pellet debris. Plasma supernatants were then transferred
to 2 mL Screw Cap Micro Tube (Sarstedt) for ultracentrifugation. Virions were then pelleted by
ultracentrifugation at 17,000 rpm for 90 min at 4 oC. RNA was subsequently isolated from the
pellet (QIAamp Viral RNA Isolation Kit, Qiagen). Isolated RNA was immediately quantified
using a one-step RT-PCR kit (TaqMan Fast Virus 1-Step Master Mix, Applied Biosystems).

Results
Validation of HIV-2 qPCR Assay
To determine the operating characteristics of our HIV-2 RNA and DNA qPCR assays, we
first assessed their specificity and sensitivity. To test specificity for HIV-2, we ran both the RNA
and DNA assay with a fragment of ROD spanning the LTR and Gag, serially diluted from 106
copies down to 5 copies. Both assays are specific for HIV-2 and did not detect HIV-1 RNA or
DNA. The limit of detection of the HIV-2 RNA assay is 10 copies with 100% sensitivity; we also
observed 66% sensitivity at 5 copies. For the HIV-2 DNA assay, the limit of detection was also 10
copies with 100% sensitivity; at 5 copies the sensitivity falls to 33%. For HIV-2 RNA, a standard
curve generated with triplicate measurements demonstrated an r2 of 0.9934. For HIV-2 DNA, a
standard curve generated with triplicate measurements demonstrated an r2 of 0.9961.
To assess the reproducibility of the HIV-2 DNA and RNA assays, we performed triplicate
qPCR reactions in multiple experiments using identical input HIV-2 RNA and DNA isolated from
a representative participant. For HIV-2 RNA, the mean intra-assay coefficient of variation was
2.4% (varied from 0.5 to 4.3%), and the inter-assay variation was 2.8%. For HIV-2 DNA, the mean
intra-assay coefficient of variation was 1.1% (varied from 0.9 to 1.3%), and the inter-assay
variation was 1.1%.
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Fold Increase in HIV-1 and HIV-2 RNA Following Reactivation
To explore how HIV-2 proviruses reactivate from latency and to compare this behavior to
HIV-1, we isolated PBMCs from participants infected with either HIV-1 or HIV-2 and stimulated
them in vitro in the presence or absence of our LRA panel (Table 1). Cell-associated RNA and
DNA were extracted from cell pellets, and virion-associated RNA was extracted from culture
supernatants; HIV persistence measurements were quantified by qPCR.
We first compared the fold-increase in cell-associated RNA levels after PBMC isolated
from HIV-1 and HIV-2 participants were treated with our panel with LRAs (Figure 3.1).
Differences in the fold increase of cell-associated RNA between HIV-1 and HIV-2 PBMC were
significant only for two conditions: 10 nM Bryostatin for 24 hours (p=0.007) and 100 nM GS9620 for 24 hours (p=0.03), where there was a median fold increase of 3.1 and 1.9, respectively,
for HIV-2, but only 1.1 and 1.2, respectively, for HIV-1. For all other LRA treatment conditions,
there was no significant difference in the fold-increase in cell-associated RNA between HIV-1 and
HIV-2 PBMCs. For the remaining nine conditions, median fold increases in HIV-2 cell-associated
RNA levels were 1.8 for 20 nM Bryostatin; 1.9 for 10 nM Bryostatin at 48 hours; 2.6 for 20 nM
Romidepsin; 3.1 for 80 nM Romidepsin; 1.6 for 1000 nM GS-9620; 6.0 for PMA/ionomycin for
24 hours; 4.6 for PMA/ionomycin at 48 hours; 4.1 for αCD3/αCD28 beads at 24 hours; and 12.4
for αCD3/αCD28 beads at 48 hours. For HIV-1, the median fold increases in cell-associated RNA
levels for these nine conditions were 1.0 for 20 nM Bryostatin; 1.2 for 10 nM Bryostatin at 48
hours; 4.6 for 20 nM Romidepsin; 5.2 for 80 nM Romidepsin; 1.4 for 1000 nM GS-9620; 3.7 for
PMA/ionomycin for 24 hours; 3.1 for PMA/ionomycin at 48 hours; 2.1 for αCD3/αCD28 beads at
24 hours; and 5.9 for αCD3/αCD28 beads at 48 hours. For the majority of LRA conditions, HIV1 and HIV-2 PBMCs produced similar levels of cell-associated RNA fold increases (romidepsin
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at both 20 nM and 80 nM; PMA/ionomycin at 24 hours and 48 hours). For other LRA conditions,
such as αCD3/αCD28 beads at 48 hours, there was a higher fold increase in cell-associated RNA
in HIV-2-infected PBMCs.
We then explored if similar patterns were observed at the supernatant RNA level (Figure
3.2). Measurements of supernatant RNA were undetectable or below the limit of quantification for
many of the conditions, more so for HIV-2 than HIV-1: 71% versus 37%. We observed that all of
the LRA conditions produce comparable fold increases in both HIV-1 and HIV-2 PBMCs, with
the exception of romidepsin at 20 nM for 24 hours, where the level of HIV-1 supernatant RNA
was higher (p=0.03), driven by the large number of undetectable or below the limit of
quantification HIV-2 supernatant RNA measurements (only HIV-2 participant 69 had levels of
supernatant RN above the limit of quantification).

PBMCs from Participants not on ART Had Similar Levels of RNA post Reactivation
Of 11 HIV-2 participants, three were not on ART at the time of therapy, with two of these
participants being treatment naïve. When comparing HIV-1 and HIV-2 reactivation from PBMCs,
we only used participants who were virologically suppressed, but given the recruitment of these
three participants we assessed whether cell-associated RNA levels could be augmented by LRAs
during untreated HIV infection. We treated PBMCs isolated from the three untreated participants
with the same panel of LRAs and measured both cell-associated and supernatant RNA levels. All
LRA conditions led to average fold increases of 1.5 or higher, with the exception of GS-9620,
which led to no increase in cell-associated RNA levels with the exception of one participant (61)
where we observed an 8.7-fold increase in cell-associated HIV-2 RNA. Similarly to PBMCs from
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Figure 3.0.1. Fold increase in cell-associated RNA per 106 cells compared to no-drug control.
Fold increase for HIV-1 (green) and HIV-2 (each color represents a different participant) following
reactivation with Bryostatin (A), Romidepsin (B), GS-9620 (C), PMA/ionomycin (D) and
αCD3/αCD28 beads (E). The dotted line marks 1-fold increase. Data are presented as a scatter plot
with the geometric mean and the geometric SD. * p≤0.05.
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Figure 3.0.2.Fold increase in supernatant RNA per mL compared to no-drug control. Fold
increase for HIV-1 (green) and HIV-2 (each color represents a different participant) following
reactivation with Bryostatin (A), Romidepsin (B), GS-9620 (C), PMA/ionomycin (D) and
αCD3/αCD28 beads (E). The dotted line marks 1-fold increase. Data are presented as a scatter plot
with the geometric mean and the geometric SD.
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treated HIV-2 participants, measurements of supernatant RNA were undetectable or below the
limit of quantification for many of the LRA conditions.
We then compared the fold-increase in cell-associated and supernatant RNA levels
between participants on and off treatment (Figure 3.3 and 3.4). At the cell-associated RNA level,
there were no observed differences between PBMCs from participants on ART or off ART, with
the exception of GS-9620 at 1000 nM, where PBMCs from participants on ART had a significantly
higher fold change in cell-associated RNA (p=0.01). For other LRA conditions, such as Bryostatin
at 10 nM and αCD3/αCD28 beads at 24 hours, we observed a trend where PBMCs from untreated
participants yielded lower fold increases in cell-associated production compared to the participants
on ART.
The fold increase in levels of supernatant RNA following reactivation of HIV-2-infected
PBMCs did not differ significantly between participants on ART and not on ART, nor was there
a trend for higher supernatant RNA production in either the treated or untreated PBMCs (Figure
3.4).

Comparing Reactivation in Fresh and Cryopreserved PBMCs
Given the limited number of PBMCs isolated for a number of HIV-2 study participants and
the potential for post-thaw cell death, we set up latency reactivation experiments using fresh cells.
At the same time, many of the HIV-1 reactivation experiments were done on previously
cryopreserved PBMCs. To compare whether fresh and cryopreserved PBMCs behave similarly
when treated with our panel of PBMCs, we compared levels of cell-associated RNA (caRNA) per
106 million cells following reactivation (Figure 3.5). Except for Heal 58, this comparison was done
on PBMCs isolated at different study visits, between 6 months and 1 year apart. While some natural
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Figure 3.0.4. Fold increase in supernatant RNA per 106 cells. Fold increase compared to a nodrug control for HIV-2 PBMCs isolated from participants on ART (pink and purple, each color
represents a different participant) and not on ART (blue, each color represents a different
participant) following reactivation with Bryostatin (A), Romidepsin (B), GS-9620 (C),
PMA/ionomycin (D) and αCD3/αCD28 beads (E). The dotted line marks 1-fold increase. Data are
presented as a scatter plot with the geometric mean and the geometric SD.
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variation occurs between reactivation replicates, we did not find any significant differences
between fresh and frozen PBMCs in terms of cell-associated levels following reactivation. Despite
the lack of difference in reactivation when using fresh or frozen PBMCs, we chose to compare
reactivation results using cryopreserved and thawed participant PBMCs, with the exception of
Heal 57.

Latency Reversal: Normalizing by DNA
While, baseline measurements of genomic DNA for our HIV-1 and HIV-2 study
participants did not differ significantly, there was a pattern of higher total DNA levels in the HIV2 study participants. Therefore, total HIV DNA was measured for each LRA condition to
investigate if this pattern persisted in our reactivation experiments. Mean levels of total HIV DNA
per LRA condition were significantly higher for HIV-2 PBMCs (1513 ± 84 copies per 106 cells,
n=8) higher than that measured for HIV-1 participants (127 ± 8 copies per 106 cells, n=13;
p<0.0001). Given that participants were not able to be matched for duration of infection, treatment
duration, or CD4 counts, we normalized HIV cell-associated RNA and supernatant viremia
measurements for each participant to their total HIV DNA levels.
When normalized by DNA levels, the cell-associated RNA measurements we observed did
not differ significantly between PBMCs isolated from HIV-1 and HIV-2 participants following
LRA reactivation for all of the LRA conditions tested (Figure 3.6). Normalizing by DNA input
also illuminated which LRA conditions were the most effective at producing RNA transcripts
following incubation: Romidepsin, an HDAC inhibitor that has consistently been amongst the most
efficient LRAs, for both HIV-1 and HIV-2, and αCD3/αCD28 beads for HIV-2.
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Figure 3.0.5. Fold increase treated versus untreated PBMCs. Comparison of copies of cellassociated RNA per 106 cells following reactivation with a panel of LRAs using fresh (green) or
cryopreserved-thawed (salmon) PBMCs for four HIV-1 participants: Heal 19, Heal 24, Heal 44
and Heal 58. The geometric mean with the geometric SD is shown for each condition. The dotted
line marks 1-fold increase.
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Figure 3.0.6. Cell-associated RNA normalized by DNA. Levels of cell-associated RNA per 106
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While the levels of caRNA/DNA did not differ significantly between HIV-1 and HIV-2
PBMCs following reactivation for the LRA conditions tested, the levels of HIV-2 supernatant
RNA corrected for DNA input, were significantly lower when compared to HIV-1 for specific
LRA conditions we tested (Figure 3.7). For Bryostatin at 10 and 20 nM, Romidepsin at 20 and 80
nM, PMA/ionomycin at 48 hours and αCD3/αCD28 beads at both 24 and 48 hours, HIV-1-infected
PBMC produced more supernatant RNA than PBMCs isolated from HIV-2-infected participants,
when corrected for total HIV DNA levels. Among the remaining LRA conditions where no
significant differences between supernatant RNA levels, supernatant RNA/levels following
reactivation were higher for HIV-1 PBMCs treated with GS-9620 at 100 nM and PMA/ionomycin
at 24 hours. There was no significant increase in HIV-2 supernatant RNA compared to the no-drug
(DMSO) control for any of the LRA conditions. For HIV-1 PBMCs, on the other hand, Bryostatin
at 10 nM for 24 hours, Romidepsin at 80 nM for 24 hours and PMA/ionomycin for 48 hours, there
was a significant increase in HIV-1 supernatant RNA compared to the DMSO control.

Discussion
In a series of ex vivo HIV latency reversal experiments, we found that while PBMCs
isolated from participants with HIV-1 and HIV-2 that are virologically suppressed can produce
cell-associated RNA following reactivation, the magnitude of cell-associated RNA production was
higher for HIV-1 PBMCs. Furthermore, HIV-1 and HIV-2 PBMCs produce significantly different
levels of supernatant RNA for seven of the 11 LRA conditions tested, with reactivation of HIV-1
PBMCs producing higher levels of virus, while HIV-2 PBMCs often had levels of supernatant
RNA that were undetectable or below the limit of quantification.
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Previous measurements of cell-associated RNA and plasma viremia in HIV-1 and HIV-2
study participants have revealed statistically significant differences in RNA levels between these
two viruses, while total DNA levels have been comparable (12,117). Baseline measurements of
infection for our cohort of HIV-1 and HIV-2 participants on ART show that total DNA levels were
not significantly different between the two groups, though HIV-2 participants had a higher level
of total HIV DNA per 106 cells. At the same time, cell-associated RNA and plasma viremia levels
are not significantly different between HIV-1 and HIV-2 infected participants, probably as a result
of these participants being on ART. Despite the lack of significant differences in either cellassociated RNA or plasma viremia levels between our HIV-1 and HIV-2 study participants on
treatment, we anticipated that reactivated HIV-1 and HIV-2 PBMCs would produce levels of cellassociated RNA and supernatant RNA that mirror what has been observed in ART-naïve study
participants. While we observed a statistically significant difference between measurements of
HIV-1 and HIV-2 supernatant RNA, levels of HIV-1 and HIV-2 cell-associated RNA were not
statistically different, a result that was different from our hypothesis. This became more
pronounced when cell-associated RNA and supernatant RNA measurements were normalized by
total DNA.
Given that the rarity of virologically suppressed HIV-2 participants on ART precluded our
ability to match our cohort to HIV-1 participants with similar CD4+ T cell counts, normalizing by
DNA allowed us to examine the production of RNA transcripts and virions while controlling for
DNA input. When we do not control for DNA input, fold increase data suggests that HIV-2 PBMCs
are equally efficient at producing RNA transcripts and virions following reactivation with our
panel of LRAs. Additionally, the fold increase in cell-associated RNA is actually higher (and in
the case of Bryostatin at 10 nM and GS-9620 at 100 nM, significantly so) in HIV-2 PBMCs than
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HIV-1 PBMCs for the majority of LRAs with the exception of Romidepsin. By normalizing by
total HIV DNA, the levels of which have been shown to correlate with the number of replicationcompetent virus in ex vivo viral outgrowth, we get a better sense of how LRAs affect latent HIV1 and HIV-2 PBMCs (152).
We observed comparable levels of HIV-1 and HIV-2 cell-associated RNA normalized by
DNA for all LRA conditions, even Bryostatin. As a PKC activator, Bryostatin reverses latency
through the NF-kB and AP-1 signaling pathways, and HIV-1 has more Bryostatin-responsive
transcriptional elements in its enhancer region. The HIV-2 enhancer, on the other hand, lacks AP1 binding sites and contains only a single functional NF-kB site. Despite this, we observed similar
levels of caRNA/DNA following treatment with all Bryostatin conditions. This may be because
the concentrations of Bryostatin used (10 nM and 20 nM) were elevated enough to make up for
the difference in the enhancer regions of HIV-1 and HIV-2. It is possible that at lower Bryostatin
concentrations, a difference emerges in the ability of PBMCs isolated from HIV-1- and HIV-2infected study participants to produce cell-associated RNA from latency.
HIV-1 and HIV-2 PBMCs treated with Romidepsin, PMA/ionomycin and αCD3/αCD28
beads behaved similarly to those treated with Bryostatin: no difference at the caRNA/DNA level,
while HIV-1 produced higher levels of supernatant RNA/DNA. The TLR7 agonist GS-9620 did
not produce significantly different levels of HIV-1 or HIV-2 at either the cell-associated RNA or
supernatant RNA level, when these were normalized by DNA.
Through our cohort, we had access to three HIV-2 participants who were not on ART: one
was briefly on ART during pregnancy, while the other two were ART naïve. We compared the
ability to reactivate these HIV-2 infected participants to our latently infected HIV-2 participants
and found no differences in their levels of cell-associated or supernatant RNA following
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reactivation with our panel of LRAs. This may be because these three participants, despite not
being on ART, had undetectable plasma RNA levels at the time of blood draw. This perhaps
suggests some amount of virologic control, by an unknown mechanism, independent of ART.
Undetectable plasma RNA is a common characteristic among individuals with HIV-2 and a large
percentage of those infected with this virus behave as long-term non-progressors (115). A smaller
percentage of individuals infected with HIV-1 are considered long-term non-progressors or elite
controllers; as such, it’s unclear whether a similar behavior would be observed in PBMCs isolated
from infected HIV-1 participants, or if this is limited to participants who have achieved some level
of virologic control.
There are limitations to this study, both in terms of the size of the study cohort and the lack
of matching between HIV-1 and HIV-2 study participants. For one, the HIV-2 participants had
significantly higher levels of total DNA compared to the HIV-1-infected participants; this
difference may be the result of a longer seeding period, reflecting an extended time between HIV2 infection and the participant being placed on ART. Furthermore, there are no clinical guidelines
for treating people living with HIV-2, and many participants go through a number of ART
regimens before arriving at their current one, thus further extending the reservoir seeding period.
This scenario is particularly likely for participant Heal 32, who had total DNA level of 4285 copies
per 106 cells, as well as Miriam 104, with a measured 9208 copies per 106 cells. At the same time,
the limited number of HIV-2 participants precluded our ability to match HIV-1 and HIV-2
participants in terms of CD4+ T cell count or other factors such as age, duration of infection, and
sex. A study with more HIV-2 participants on ART matched to HIV-1 participants may find no
significant difference in total DNA levels between HIV-1 and HIV-2 participants. Similar
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situations have occurred where the levels of total DNA were compared between unmatched ART
naïve HIV-1 and HIV-2 participants (153,154).
Work done in ART-naïve study participants by Kanki and colleagues observed growing
differences in the levels of HIV-1 and HIV-2 genomic material as they went from total DNA to
cell-associated RNA and finally plasma viral loads (117). Specifically, as the integrated provirus
is transcribed and eventually translated to make new virions that are released from the infected
cell, levels of HIV-1 become increasingly higher compared to HIV-2. Our reactivation data shows
the same thing, with the exception of the total DNA levels which we’ve addressed earlier in the
discussion. One of the more surprising patterns seen in our results is the disconnect between RNA
transcripts and virion production observed in reactivated HIV-2 PBMCs. Our DNA normalized
results show that both HIV-1 and HIV-2 latently infected PBMCs are capable of producing similar
levels of RNA transcripts following reactivation. At the same time, we also find a marked
difference in their ability to produce supernatant RNA, with many HIV-2 PBMCs producing
supernatant RNA post-treatment that was undetectable or below the limit of quantification. This
suggests a potential post-transcriptional block that affects the ability of reactivated HIV-2 PBMCs
to transform RNA transcripts into virions; Kanki and colleagues postulated the possibility of a
post-integration block, and our data suggests that such a block would be acting at either a posttranscriptional or post-translational step. This block, for instance, could occur at translation,
assembly or budding. Further research, particularly work investigating the exact nature of the RNA
transcripts produced following reactivation, will begin to parse out where such a block may be
acting. Furthermore, should such a block be found, it may point to new tools for preventing HIV1 transcription in a “block and lock” HIV control strategy.
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Abstract
Introduction: HIV persists in CD4+ T cells and rebounds after ART cessation, representing a
barrier to cure. To better understand the residual proviral DNA reservoir, research groups have
designed experimental approaches that identify provirus sequences as intact or defective; analysis
pipelines further differentiate the nature of defective proviruses. We investigated the effects that
different analysis pipelines had on the identification and characterization of HIV-1 proviral
sequences.
Methods: We used single genome amplification (SGA) to amplify near full-length HIV-1 DNA
sequences isolated from peripheral blood mononuclear cells (PBMC) of thirteen treated,
suppressed participants with HIV-1. Amplicons were directly sequenced by next-generation single
genome sequencing (NG-SGS) and analyzed using four HIV-1 proviral characterization pipelines.
Results and discussion: HIV-1 sequences derived from thirteen participants were studied. A total
of 693 HIV-1 proviral sequences were generated, 283 of which were near-full length. We found
that proviruses often harbor multiple sequence defects and that the elimination order used by each
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pipeline affected the percentage of proviruses identified and allotted into each defect category.
These differences varied across participants, depending on the number of defect categories to
which a given provirus sequence could be assigned.
Conclusions: The choice of pipeline used for HIV-1 proviral DNA landscape analysis may bias
the characterization of defective sequences. To compare landscape characterization results across
research groups and studies more easily, the development of a consensus elimination pipeline
should be considered.

Introduction
During HIV-1 infection, viral DNA integrates into the genomes of CD4+ T cells and can
persist during antiretroviral therapy (97). Previous work has investigated what proportion of
integrated sequences are intact and therefore may contribute to the replication-competent HIV-1
reservoir (85,88,89,98,107). The vast majority, greater than 90%, of integrated proviruses are
defective, accumulate during acute HIV infection, and cannot support virus replication (85,89).
When characterizing intact proviral sequences, the nature of the defective proviruses – whether
due to large deletions, hypermutation, inversions, premature stop codons or other categories of
defects – is typically also reported. These various types of defects arise through different
mechanisms that include HIV reverse transcriptase-induced mutations, template switching during
reverse transcription, and APOBEC3-mediated cytidine deamination that causes guanine-toadenine (G-to-A) hypermutation (85,155,156).
Current proviral landscape research focuses primarily on the dichotomy between defective
versus intact sequences; defective proviruses are typically further characterized into distinct defect
categories. These “defective” proviruses may still retain transcriptional and translation activity that
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is relevant to HIV eradication efforts (88,113). In general, research groups that characterize
provirus sequences use custom in-house analysis pipelines. Some labs categorize amplified DNA
sequences manually, whereas others have developed automated, scripted pipelines (98,107). While
most pipelines include all the classic provirus defects (e.g. hypermutation, large deletions, etc) the
order in which these defective proviral forms are eliminated differs. It is therefore possible that
different research groups will arrive at similar conclusions as to the numbers of intact proviruses
but the proportion of proviruses assigned into each defect category may vary. If true, direct
comparisons of HIV provirus characterizations across research groups may be difficult and could
compromise a deeper, meta-analytic understanding of the defective nature of the HIV reservoir.
Furthermore, recent work has moved beyond just intact and defective, focusing on the forces that
shape the proviral landscape such as cytotoxic T lymphocytes (CTLs), which may preferentially
target cells with hypermutated or PSI/MSD defective proviruses (113).
To determine the effect of analysis pipeline on defective HIV-1 proviral characterization,
we categorized the proviral landscape of 13 HIV-1 participants using published elimination
pipelines from different research groups and explored how the proportion of sequences assigned
to each defect category varied as a function of the particular analysis pipeline that was used. We
found that proviral sequences can typically be assigned into multiple defect categories. Not only
does the proportion of sequences within each defect category change with the pipeline used but
that this may have an unexpected effect on the reported percentage of intact HIV-1 proviral
sequences.
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Methods
Participant Cohort
Cryopreserved peripheral blood mononuclear cells (PBMC) were obtained from thirteen
participants with HIV-1 enrolled in the HIV Eradication and Latency (HEAL) cohort, a Bostonbased longitudinal cohort of participants with HIV. Peripheral venipuncture samples were
collected between 2015-2018 and PBMC were isolated by Ficoll-Hypaque density gradient
centrifugation. All participants gave informed consent prior to enrollment; the HEAL
biorepository study was approved by the Partners Human Research Committee.

Proviral Amplification, Sequencing and Analysis
Total DNA isolated from participant PBMC samples was subjected to limiting dilution
prior to near-full-genome amplification with Platinum Taq HiFi polymerase (Thermo Fisher
Scientific). HIV-1 proviruses were amplified using previously published PCR conditions and
primers

(98,105).

The

primers

were:

first-round

forward

primer:

5’-

AAATCTCTAGCAGTGGCGCCCGAACAG-3’ (HXB2: 623-649); first-round reverse primer:
5’-TGAGGGATCTCTAGTTACCAGAGTC-3’ (HXB2: 9662-9686); second-round forward
primer: 5’-GCGCCCGAACAGGGACYTGAAARCGAAAG-3’ (HXB2: 638-666); and secondround reverse primer: 5’-GCACTCAAGGCAAGCTTTATTGAGGCTTA-3’ (HXB2: 96049632). A convenience endpoint of 20 amplified near full-length sequences (>8000 bp) per
participant was set. This goal was attained for all participants with the exception of HEAL 09,
where low levels of total HIV-1 DNA limited the number of near-full-length amplicons to nine.
PCR amplicons were directly sequenced by next-generation single-genome sequencing
(NG-SGS) using an Illumina deep sequencing platform. Sequenced proviruses were manually
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analyzed and classified as either containing a large deletion (<8000 bp), hypermutated, carrying a
6 nucleotide or longer deletion in the 5’-untranslated region (UTR) deletion, carrying an internal
deletion (INDEL), having inversions, having a stop codon deletion, carrying a frameshift mutation,
carrying a deletion in one of the four stem loops of the packaging signal (PSI) and/or a mutation
in the multiple splice donor (MSD) site, or intact. Only sequences with length greater than 8,000
bp were analyzed for the other defect categories. Briefly, proviruses with APOBEC3G-mediated
hypermutation were identified using the Los Alamos National Laboratory HIV Sequence Database
Hypermut algorithm (108). The Los Alamos National Laboratory HIV Sequence Database Gene
Cutter tool was used to identify stop codons and frameshift mutations (157). INDELs were
identified using the Los Alamos National Laboratory HIV Sequence Database HIVAlign tool and
defined as an equal or greater than 2% difference in the sequence of each HIV gene (109). 5’-UTR
deletions (set at 6 or more deletions), PSI deletions and MSD mutations were identified by aligning
all the sequences to HXB2 (Geneious Prime 2019.1.1) and checking for deletions and mutations
(110). Inversions were identified by aligning each proviral sequence to HXB2 and comparing them
using the Dotplot viewer (110). Proviral sequences that lacked any of these defects were labeled
as intact.

Results and Discussion
Participant Characteristics
For the thirteen participants we studied, the mean CD4 count was 807 cells/mm3 (SD=393).
Participants were receiving antiretroviral therapy for at least 6 months and all had plasma HIV-1
RNA levels that were below the limit of detection of a commercially available virus load assay.
Participant characteristics are shown in Table 1.
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Table 1. Characteristics of Study Subjects
CD4+ T Cell count
(cells/mm3)

Patient
ID no.

Sex

Age

Therapeutic Regimen*

Months with Viral
Load < 50 copies/mL

01

M

54

3TC, ABC, EFV

24

04

M

37

09

F

32

773

DRV/cobi, FTC TAF

>80

1713

EVG/cobi, FTC, TDF

44

16

M

56

267

ETR, FTC, RAL, TDF

10

19

M

24

M

54

416

DRV/r, DTG, FTC, MVC, TAF

6

55

691

EVG/cobi, FTC, TAF

12

25

M

30

M

31

984

EVG/cobi, FTC, TAF

12

61

1005

EFV, FTC, TDF

>27

38

M

52

695

DTG, FTC, TAF

>27

44

M

58

448

DTG, FTC, TAF

16

50

M

65

899

DTG, FTC, RPV, TAF

42

57

M

58

1346

EVG/cobi, FTC, TAF

17

58

M

45

647

DRV/cobi, FTC, TAF

29

606

*3TC, lamivudine; ABC, abacavir; BIC, bictegravir; DRV/cobi, cobicistat boosted darunavir; DRV/r, ritonavir boosted darunavir;
DTG, dolutegravir; EFV, efavirenz; ETR, etravirine; EVG/cobi, cobicistat boosted elvitegravir; FTC, emtricitabine; MVC,
maraviroc; RAL, raltegravir; RPV, rilpivirine; TAF, tenofovir alafenamide; TDF, tenofovir disoproxil fumarate
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Characterization of HIV-1 Proviral Defects
We assessed the proviral characterization pipelines from three research groups, as well as
our own, based on their published descriptions and personal communication (85,98,107). We used
the same definition of a given defect category across all pipelines, unless noted, but acknowledge
that our stringency may differ from that originally used by each research group. A comparison of
the four pipelines is shown in Figure 4.1. Whereas all pipelines generate the number of intact
proviral sequences in the final sequence step, there is marked heterogeneity in preceding steps.
Large deletions and hypermutated sequences are generally identified earlier in the processes but
their order of characterization varies. Inversions are categorized either first, in the penultimate
step, or are not explicitly categorized. Defects in the 5’-untranslated region (UTR) may be handled
as deletions anywhere along its length or more specifically as deletions in the PSI packaging signal
or mutations at the major splice donor (MSD) site. An evaluation for frameshift mutations,
nonsense mutations, stop codons and insertions/deletions (indels) occur in all pathways but that is
where the similarities end. The order of these steps varies, as do the permutations on how they may
be performed in one combined sequence step.
To understand how different analysis pipelines affect sequence identification and
categorization, we used each of the pipelines to analyze 693 HIV-1 proviral sequences isolated
from thirteen HEAL cohort participants. An average of 53 sequences were analyzed per
participant; 12 of 13 participants had at least 20 near full-length sequences. Of the 283 near-fulllength proviral sequences, 230 (81.3%) carried more than one type of defect and the distribution
of the number of defect categories per provirus sequence varied across participants (Figure 4.2).
On average, a defective sequence could be assigned to 2.7 (95% CI 2.5, 3.0) defect categories. For
some participants, e.g. HEAL 04, 09 and 58, all defective sequences were assigned to two or more
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Category Distribution

# of categories per sequence
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Participant

Figure 4.0.1. Comparison of the number of categories assigned to each amplified sequence
for every study participant. For amplified provirus sequences >8,000 bp there are six defect
categories they can be assigned to: hypermutation, 5’-UTR deletion, PSI deletion and/or MSD
mutation, INDEL, inversion and stop codon and/or frameshift. Each point represents a single
amplified sequence and the mean and SEM are shown in red.

90

A

B
Number of Genomes

10

Le
e
O
ur
s

r

o

30
20
10

Le
e
O
ur
s

o

H

H

ie

ne

r

Le
e
O
ur
s

ie

ne

r

Le
e
O
ur
s

r

o

20

Heal 30

0

Heal 50

140

40

H

ne
ie
H

20

120
100
80
60
40

Heal 57

80
Number of Genomes

20

Heal 38
Number of Genomes

40

H

ie
H
Number of Genomes

60

30

0

60

10

H

20

20

40
Number of Genomes

40

ne

Le
e
O
ur
s

r

o
H

ne
ie
H

Heal 44

80

Le
e
O
ur
s

r

60

0

0

o

ie
H
Number of Genomes

20

Heal 25

40

80

30

0

ne

Le
e
O
ur
s

r

o

ne
ie
H

40

Heal 24

100
Number of Genomes

Number of Genomes

H

Le
e
O
ur
s

r

o
H

ne
ie
H

Heal 19

10
0

0

60

Number of Genomes

10

20

H

0

20

30

o

20

30

Heal 16

40

40
Number of Genomes

Number of Genomes

Number of Genomes

40

Heal 09

Heal 04

40

H

Heal 01

60

60
40
20

20

60
40

Large Deletion
Hypermutation
Hypermutation & Stop Codons
Stop Codons
Frameshift Mutation
Stop Codons, Frameshift & INDELs

Le
e
O
ur
s

r

o
H

ne
ie
H

H

Le
e
O
ur
s

ie

ne

r

0

o

Le
e
O
ur
s

r

o
H

ne
ie
H

Le
e
O
ur
s

r

o
H

ne
ie
H

Heal 58

80
Number of Genomes

0

0

H

0

Defects in 5'-UTR & PSI
Defects in 5'-UTR
PSI/MSD
Inversions
Intact

20

r

Le
e
O
ur
s

H

ne
H

ie

o

0

Figure 4.0.2. Characterization pipelines and their effect on the proviral landscape of HIV-1infected participants. A. Comparison of the different processes of elimination used by various
research groups to identify intact, potentially replication-competent HIV-1 proviruses. Adapted
from Ref. 1, 2 and 8. B. Number of genomes allotted into each category within the total pool of
sequenced proviruses by each pipeline investigated. The four pipelines are, from left to right,
Hiener et al., 2018; Lee et al., 2017; Ho et al., 2013; and our own pipeline.
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defect categories. For HEAL 16, on the other hand, 63% of defective near-full-length sequences
were assigned to a single category, with the remaining sequences assigned to two, four or five
categories. Following the assignment of defects to each proviral sequence, we compared the
proviral landscape of all 13 participants generated with each pipeline (Figure 4.2).
We observed an association between certain defect categories. Hypermutation leads to stop
codons, which is why some pipelines combine the two categories or characterize only
hypermutation (98,107). However, for certain participants (e.g., HEALs 01, 16, 25, 30 and 58) we
observed instances where stop codons occurred without hypermutation. In HEALs 16, 25 and 30,
for example, none of the near-full-length sequences with stop codons displayed G-to-A
hypermutation. For HEAL 01 and 58, 2 and 4 near-full-length sequences, respectively, had stop
codons not related to hypermutation. By looking only at hypermutation, sequences with stop
codons that were not the result of APOBEC-mediated G-to-A mutations may be considered intact
or placed in a different defect category. Alternatively, combining hypermutation and stop codons
into a single category of defects may inflate the percentage of the proviral landscape for a
participant that is deemed hypermutated.
We also observed an association between 5’-UTR deletions, PSI deletions and MSD
mutations. Amongst our 13 study participants, there were only two instances where there is a
perfect overlap between sequences containing 6 or more deletions in the 5’-UTR and those
containing a deletion in the PSI stem loops and/or a mutation at the MSD site: HEALs 01 and 38,
where one near-full-length proviral sequence falls into this general defect category in each pipeline
investigated. For the other 11 participants, this is not the case; here we observe that the more
specific the category – using a combined PSI deletion and MSD mutation instead of the general
5’-UTR deletion category – the higher the number of sequences that are considered defective in
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this general 5’-UTR category. For instance, for HEAL 01, the number of defective sequences is
zero when looking at just 5’-UTR deletions, eight when combining 5’-UTR and PSI deletions, and
ten when combining PSI deletions with MSD mutations. This is also the situation with HEAL 25,
where defective near-full-length sequences go from one when looking globally at the 5’-UTR
deletion to 20 when assessing for both PSI deletions and MSD mutations. Even just adjusting this
category to include deletions in the PSI, already increases the number of sequences in this category
for HEALs 01 (0 to 8), 04 (9 to 10), 24 (1 to 7), 25 (1 to 9), 50 (8 to 13), and 58 (0 to 13). In the
case of certain pipelines, looking only at 5’-UTR deletions leads our pipeline to consider near-fulllength sequences intact, while the other pipelines categorize them as defective. The non-inclusion
of MSD mutations causes pipelines to erroneously inflate the number of intact proviruses in
HEALs 16 (from 1 to 2 intact), 24 (0 to 6 intact), 25 (0 to 4), 38 (0 to 1 intact), 44 (7 to 11 intact),
and 50 (0 to 2 intact). This demonstrates that the specific pipeline used can influence not just the
number of provirus sequences in each category, but also the number of sequences considered
intact.

The Effect of Pipeline on Defective Sequence Proportions
Given that 81.3% (230 sequences) of proviral sequences over 8000 bp contain two or more
types of defect, the order of elimination used by a pipeline, as well as the inclusion or exclusion
of certain categories, may influence the final proviral landscape. To evaluate this, we calculated,
on a per-participant basis, how the percentage of sequences assigned to each category changes as
a function of the pipeline used (Figure 4.2). We also looked at the effect of the pipeline on the
cumulative proviral landscape for all 13 participants (Figure 4.3).
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Certain pipelines combine HIV-1 sequence defect categories and this has an influence on
the final landscape. “Stop Codons” are their own category in Lee et al., but are combined with
“Hypermutation” in Hiener et al. and with “Frameshift Mutations” and “INDELs” in Ho et al.
HEAL 16 is the only participant where this has no effect on the number of genomes in this
category: there are always 16 sequences assigned independently of whether “Stop Codons” are
combined with any other type of defect. HEAL 16 is unique in this respect because 63.3% of
HEAL 16 proviruses have a single defect. For the other 12 participants, however, the combination
of “Stop Codons” with other defects leads to slight discrepancies in the percentage of sequences
in each category, as exemplified by HEAL 38 where the number of sequences in a “Stop Codon”
category varies from 9 to 0 depending on the pipeline.
The elimination order of the pipeline also influences the final percentage of sequences in
each category and this is particularly evident in the case of “Hypermutation.” All pipelines
examine for the presence of hypermutated sequences, though the order in which it is assessed
varies. The further down in the pipeline the “Hypermutation” category is, the fewer sequences are
categorized as hypermutated. For instance, for HEAL 38, 19 provirus sequences are hypermutated
according to three of the pipelines, but this number falls to 9 when sequences are checked for
inversions before hypermutations. The same happens for HEALs 01 (11 to 9), 04 (4 to 1), 09 (6 to
2), 19 (15 to 13), 24 (14 to 5), 44 (7 to 3), 50 (10 to 6) and 57 (25 to 12).
An “Inversions” defect category is included in two pipelines, though the order in which it
appears is different in each: inversions are the first defect category in the Hiener et al., pipeline,
but the last category in Lee et al. Unsurprisingly, while the Hiener et al. pipeline leads to 21% of
all genomes categorized as having inversions when we look at the cumulative of all 13 participants,
this percentage falls to 2.4% when using the Lee et al. pipeline.
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Given the different pipelines and that the majority of near-full-length genomes carry at
least two types of defects, it’s not surprising that the cumulative proviral landscape varies
according to the pipeline used (Figure 4.3). Across all pipelines, the “Large Deletion” category
has similar total number of genomes: 436 for all pipelines, with the exception of Hiener et al.
where there are 416 genomes. The percentage of intact and hypermutated genomes is also similar
across the four pipelines (between 2.4% and 4.9% for intact and 13.5 and 15.7% for hypermutated)
and in line with what has been previously shown for HIV-1 (85,98,107,113). For the other
categories, however, the number of genomes in each category differ substantially, the result of
how specific a category is (e.g., PSI deletion/MSD mutations vs. 5’-UTR deletions) and at what
stage in the pipeline it is assessed. Looking generally at defects in the 5’-UTR, the number of
genomes in this region varies from 37 (5.1%) to 106 (14.8%) depending on the specificity of the
defect category and when it appears in the pipeline. The same is seen with defect categories
involving “Stop Codons,” which can represent anywhere from 6.5 to 12.2% of the proviral
landscape.

Conclusion
Published strategies for quantifying intact sequences in the HIV-1 reservoir use a step-bystep elimination pipeline that analyzes each sequence amplified to see whether it has a specific
defect, with sequences that have no apparent defect classified as intact. A byproduct of these
elimination pipelines is a measurement of the ways in which the provirus is defective. As research
begins to explore more aspects of the proviral landscape, moving beyond intact versus defective,
this byproduct information will prove increasingly useful. Therefore, it is important to know if we
can compare percentages of defects across research groups. In this small study we explored
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whether the elimination order used influences both the proviral landscape of an individual
participant (Figure 4.2) as well as the cumulative proviral landscape of a study cohort (Figure 4.3).
Our results suggest that the elimination order can influence the number of genomes allotted
into each defect category, as well as the number of sequences deemed “Intact.” This occurs because
the majority of amplified provirus sequences are defective in more than one way (Figure 4.1) and,
as such, the elimination order used by a pipeline has discrete effects on the number of sequences
in each category. The exact categories used also influences the final proviral landscape for each
participant characterized and, in general, the more specific a defect category, the fewer sequences
that are deemed intact by the end of the pipeline, as seen in the case of 5’-UTR where using PSI
deletions and MSD mutations is a more stringent approach. Work exploring how CTLs shape the
proviral landscape have looked at PSI/MSD defects; we found that the percentage of genomes in
the 5’-UTR defect group varied from 5 to 15% depending on the pipeline, something to be aware
of when looking at landscape results from various research groups. .
Our results show that it is important to be aware that the characterization pipeline used has
an effect on the proviral landscape generated and suggests that the field would benefit from having
a consensus elimination pipeline. Such a pipeline should analyze amplified sequences for all the
defect categories, allowing for the identification of provirus sequences that carry multiple types of
defects and generating information about how defect categories overlap or not for each study
participant. While this approach may lead to results that are more complicated to analyze, it
illustrates better the nature of the proviral landscape and would eliminate the ordering issue that
leads different elimination pipelines to generate discretely different reservoir landscapes.
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CHAPTER 5: DISCUSSION
New Insights into the HIV-2 Reservoir
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The work presented here extends our understanding of the HIV-2 reservoir in terms of the nature
of the provirus and its dynamics when treated with latency reversing agents (LRAs). Very little
work to characterize the proviral HIV-2 landscape has been previously done and our work confirms
and expands on recent findings (93). Future work, with larger participant cohorts and access to
greater numbers of PBMCs, thus permitting the isolation of CD4+ T cells , will allow us to follow
up on the mechanisms responsible for the observations we have made and add additional details.
Work done in the HIV-1 reservoir field may provide a “blueprint” in this regard.

The HIV-2 Proviral Landscape: What Determines the Nature of the HIV Reservoir?
Before Bender at al. published their characterization of the HIV-2 proviral reservoir of
three ART-treated participants with HIV-2 from Senegal, it was unknown whether the HIV-2
proviral landscape would look more like HIV-1, where in general over 90% of the proviruses are
defective, or SIV, where approximately 25-30% of the proviruses are intact (93). While total HIV
DNA levels have been shown to be comparable between ART-naïve, HIV-1 and HIV-2 study
participants, HIV-2 is more closely related to SIV, with which it has about 75% sequence
homology (5,117). Our investigation of the proviral landscape of nine HIV-2-infected and 13 HIV1-infected study participants builds on the work of Bender et al. and, despite amplifying the
proviral genomes using different methods and characterizing them with slightly modified
pipelines, our results are comparable to theirs and together demonstrate that the HIV-2 proviral
landscape more closely resembles that of HIV-1-infected individuals (93). Our dataset is composed
of 678 proviral sequences, compared to their 41 sequences, allowing us to not only confirm their
finding but extend on it as well as increase confidence in the results. The cumulative fraction of
intact HIV-2 proviruses for all study participants was 2.4% (1 out of 41 amplicons) for Bender et
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al. and 8.7% (59 out of 678 amplicons) for our HIV-2 participants (93). The higher percentage of
intact amplicons found in our study participants is largely driven by HEAL 31, a distinct
participant. Of the 31 near-full-length genomes amplified for this participant, 30 were intact and
there is evidence that the reservoir maintenance of HEAL 31 is primarily driven by clonal
expansion: 10 amplicons and 11 amplicons form two clusters that differ due to a single mismatch.
When HEAL 31 is removed from the cumulative proviral landscape analyses, the fraction of intact
genomes falls to 4.5% (29 out of 647), which is closer to what Bender et al. observed (93). HEAL
31 also exemplifies the benefits of investigating the nature of the HIV-2 proviral reservoir in a
larger set of participants, thus allowing one to capture the full range of reservoir behaviors. In our
cohort of nine HIV-2 participants, HEAL 31 is an outlier, but it is possible that if one were to
expand the cohort other participants with a mostly intact reservoir would be identified. Beyond the
intact versus defective dichotomy, our results also confirm the fraction of amplicons harboring
large deletions and hypermutation. Large deletions were present in 66% and 65.3% of viral
genomes amplified from the three Senegal participants and our participant cohort, respectively
(93). The fraction of proviral genomes harboring G-to-A hypermutations was also similar: 12%
versus 11.4% (93).
Our exploration of the proviral landscape of these nine HIV-2-infected participants gives
a more complete picture of the HIV-2 reservoir. The nine participants we studied are on a range of
treatment regimens, including integrase inhibitors, nucleoside reverse-transcriptase inhibitors
(NRTIs), and protease inhibitors, while the three participants in Bender et al., were on a protease
inhibitor and nucleoside analog regimen; this suggests that the treatment regimen is not
determining the proviral landscape. Furthermore, our participant cohort includes a possible HIV2 group B participant (HEAL 69), which is the less common of the two HIV-2 groups, and we
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found no difference in the proviral landscape of HEAL 69 compared to the other HIV-2
participants, suggesting that the subtype of the virus does not play a role in shaping the proviral
landscape. The greater diversity of our cohort and the comparable numbers of intact proviral
genomes across the HIV-2 study participants, suggests that, in general, the proviral landscape of
HIV-2-infected individuals is composed primarily of defective proviruses independent of
treatment regimen or HIV-2 group. Exceptions do exist, however, and we identified one participant
– HEAL 31 - with a largely intact, probably clonally expanded HIV-2 provirus landscape.
In our work, we characterized the proviral landscape of thirteen participants with HIV-1
and used them as a comparator group, tailoring our pipeline to make it as similar between HIV-1
and HIV-2, The number of intact HIV-1 genomes we found (17 out of 693, or 2.4%) is in the range
that has been previously reported by other groups characterizing the HIV-1 reservoir.(85,88–
90,98,99) It is also similar to the proportion of intact proviral genomes reported for three
participants with HIV-2 (2.4%). Given how much less common individuals with HIV-2 are in the
USA, we could not match the baseline characteristics of our HIV-1 and HIV-2 participant groups.
The two groups differed by sex (92.3%, and 45.5% male for HIV-1 and HIV-2, respectively) and
race (38.5% black for HIV-1, and 81.8% black for HIV-2). Despite this, we still found a similar
fraction of the provirus landscape to be intact in participants with HIV-1 or HIV-2. Considering
how distinct HIV-1 and HIV-2 are at a sequence-level (40% nucleotide sequence homology) and
their divergent collection of accessory proteins (vpu vs. vpx), our results suggest that host factors,
rather than viral factors, play a major role in determining the look of the viral reservoir in humans.
Pollack et al. suggested one host factor that may have a role in shaping the proviral
landscape (113). Using data from two previously published studies, they showed that the
proportion of intact and y/MSD defective proviruses did not correlate with the duration of time
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between diagnosis and enrollment, meaning that the number of these types of proviruses did not
change significantly over time (113). The proportion of proviruses with large internal deletions
and hypermutations, however, did change, with the number of hypermutated proviruses going
down while the number of proviruses with large internal deletions going up. This data supports the
dynamic nature of the HIV provirus, and suggests that the processes involved in determining the
proviral landscape may affect each type of provirus defect in a distinct manner.
In the maintenance of the HIV reservoir during treatment, two distinct processes have been
the focus of most research groups: the proliferation of latently infected cells, resulting in expanded
cells that contain the integrated provirus, and ongoing viral replication despite ART, which sees
novel infections of CD4+ T cells (112,158). Clonal expansion, which has been shown in HIV-1infected patients and for which we found evidence in HIV-2- participants, 31, 69, 84 and 104 can
result from the homeostatic proliferation of infected CD4+ T cells (98)(90). This clonal expansion,
which can be driven by antigenic stimulation, results in one viral variant dominating the proviral
landscape. Ongoing viral replication, on the other hand, is contested and may only make a limited
contribution to the maintenance of the reservoir (159).
All of the known processes involved in shaping the HIV proviral landscape – homeostatic
proliferation, immune pressure, CTLs – are host factors and, as such, the same processes are
present in both HIV-1 and HIV-2 infected individuals. Further research will need to confirm our
evidence of clonal expansion in HIV-2-infected participants, and to explore whether defective
HIV-2 proviruses can also be expressed and, in turn, if these cells are then recognized by CTLs.
Nonetheless, the similarities in the proportion of provirus categories between HIV-1 and HIV-2
suggests that the processes that act on the HIV-1 reservoir also shape the HIV-2 reservoir.
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HIV-2 and the potential of a post-integration block
One of the aspects of HIV-2 infection that has garnered considerable research attention is
its lower pathogenicity compared to HIV-1. When HIV-2 was first isolated in 1986, HIV-2 patients
with AIDS had not yet been observed (2). Even once it was determined that HIV-2 infections could
progress to AIDS, it was clear that the rate of disease development is lower following HIV-2
infection (3,18). In HIV infections. pathogenicity correlates with the level of virus in the plasma,
and when Popper et al. measured and compared the plasma viral load of ART-naïve HIV-1 or
HIV-2 sex workers in Senegal, they found that the median viral load was 30 times lower in women
infected with HIV-2 (12). MacNeil et al. expanded on this work, measuring the total DNA and
cell-associated RNA levels, as well as the plasma viral load (117). They found that the levels of
cell-associated RNA and plasma viral load were significantly higher in participants infected with
HIV-1 compared to those infected with HIV-2 (117). The levels of total DNA, however, were not
different between HIV-1 and HIV-2 participants (117). This led them to suggest that the difference
in pathogenicity of the two viruses could be due to different replication rates and that HIV-2, which
is equally capable to of seeding a reservoir, may have a higher propensity for latency.
Latency is established and maintained primarily through a number of different
mechanisms, including transcriptional regulation. Transcriptional regulation involves the absence
of host transcription factors such as NF-kB, Sp1, AP-1 and Ets-1 amongst others (160). HIV-2 has
a different collection of transcriptional enhancers compared to HIV-1 and Tong-Starksen et al.
demonstrated that reporter plasmids containing the HIV-2 enhancer region were less responsive to
activation signals than plasmids with the HIV-1 region (61). If HIV-2 does have a higher
propensity for latency, it is possible that the makeup of the enhancer region plays a role. Another
mechanism involved in maintaining latency is chromatin remodeling, with nucleosomes placed
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near the transcriptional start site (TSS) when inactive; these nucleosomes are displaced during
activation (161). When the integration sites of HIV-1 and HIV-2 were compared, integration into
heterochromatin, was more common in HIV-2 participants than HIV-1 participants (57). As such
it is also possible that chromatin remodeling, particularly the ability to make the provirus more
available to transcription factors following activation, plays a role in regulating the HIV-2
proviruses ability to escape from latency.
In Chapter 3, we investigated, for the first time, the ability of HIV-2 to reactivate from
latency using PBMC isolated from participants with HIV-1 or HIV-2 . We used a panel of latency
reversing agents (LRAs) across a range of mechanisms of action, including PKC activators, which
reverses latency through the NF-kB and AP-1 signaling pathways, and one histone deacetylase
inhibitor (HDACi), which leads to chromatin relaxation. Because mean levels of HIV-2 total DNA
per LRA condition were significantly higher, we normalized both cell-associated RNA and
supernatant RNA levels by DNA. When normalized by DNA, post-reactivation levels of cellassociated RNA did not differ significantly between PBMCs isolated from HIV-1 and HIV-2
participants for any of the LRA conditions tested. This is different from what MacNeil et al. found
when they measured cell-associated RNA levels in ART-naïve participants with HIV-1 or HIV-2
from Senegal: levels of cell-associated RNA were significantly higher in HIV-1 participants (117).
It is also somewhat unexpected given how the enhancer region of HIV-2 has only a single
functional NF-kB binding site and no AP-1 binding sites (61). Bryostatin, a PKC activator, signals
through both pathways and, yet, when we normalize by DNA, PBMC from HIV-1 and HIV-2
study participants produce comparable levels of cell-associated RNA. Romidepsin, an HDACi, is
the only LRA that leads to a level of production of both HIV-1 (at 20 and 80 nm) and HIV-2 (only
at 80 nM) cell-associated RNA that is significantly higher than the DMSO control. When
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normalized by DNA, HIV-1 and HIV-2 PBMCs produce comparable levels of cell-associated
RNA, though HIV-1 PBMCs produce significantly higher levels of supernatant RNA.
At the supernatant level, when RNA measurements are normalized by total DNA, levels of
HIV-1 supernatant RNA were significantly higher than HIV-2 for seven of the 11 LRA conditions.
These seven conditions include Bryostatin (10 and 20 nM), Romidepsin (20 and 80 nM),
PMA/ionomycin (48 hours) and aCD3/aCD28 beads (24 and 48 hours). These conditions include
PKC activators (Bryostatin and PMA), an HDAC inhibitor (Romidepsin) and a T cell activator
(aCD3/aCD28 beads), showing that despite different mechanisms of action, LRAs lead to a higher
production of HIV-1 virions compared to HIV-2 virions. Furthermore, levels of supernatant RNA
were only significantly higher than the DMSO control for HIV-1 PBMCs following treatment with
Bryostatin, Romidepsin and PMA/Ionomycin. These results more closely resemble what has been
observed for ART-naïve, study participants, where the plasma viral load was significantly higher
in HIV-1 than in HIV-2 participants.
When MacNeil et al. quantified measurements of HIV-2 infection in ART-naïve study
participants, they concluded that HIV-2 replication is attenuated after DNA integration, and a
potential block affects some aspect of HIV transcription. Our reactivation data, which sees a
significant difference between HIV-1 and HIV-2 only at the supernatant RNA stage, places this
potential block further down the replication cycle, possibly at translation. In vitro work suggests
that the translation of HIV-2 mRNAs is less efficient, due in a large part to structural differences
at the 5’-UTR between the two viruses; specifically, the trans-activation response element (TAR),
which is a single stem-loop in HIV-1, is a larger, more complex structure in HIV-2 that appears to
interfere with the viruses ability to effectively translate mRNAs (63). Another possibility is rather
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than a single block, both HIV-2 transcription and translation are inefficient compared to HIV-1 in
multiple ways that cumulatively determine the lower viremia of HIV-2.

A Consensus Provirus Characterization Pipeline
In Chapter 4 we compared four proviral characterization pipelines that use step-by-step
elimination to analyzes each proviral amplicon to see whether it harbors a specific defect, with
sequences that have no apparent defect classified as intact. We found that 81.3% of amplicons
carry two or more defects and as such the order of elimination can influence the number of
genomes allotted into each defect category, as well as the number of sequences that are considered
intact. Furthermore, the definition used for each category also influences the number of sequences
placed into a defect category. In fact, following the pipeline comparison, we modified our own
pipeline for both HIV-1 and HIV-2 proviral characterization, replacing the more inespecific “5’UTR defect” for “PSI deletion and/or MSD mutation.” As such, we suggested that the HIV
reservoir field would benefit from establishing a consensus pipeline. While we don't prescribe an
exact formulation for the consensus pipeline, we recommend that each defect category be as
specific as possible and that each amplicon be analyzed for every defect, thus identifying provirus
sequences that carry multiple types of defects.

Concluding Remarks
Our data adds new insights into the HIV reservoir, both in terms of the composition of the
characterization of the provirus and its behavior following reactivation. A core question that
infuses all HIV-2 research is whether the virus’ lower pathogenicity is due to host or viral factors.
In Chapter 2, our results confirm work from Bender et al., demonstrating that the proviral
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landscapes of HIV-1 and HIV-2 participants have similar proportions of intact proviruses (2% and
9%, respectively), as well as similar proportions of the common defect categories. This similarity
suggests that the forces shaping the proviral landscape are host factors, rather than viral factors.
Furthermore, the HIV-2 sequence is more homologous to SIV than HIV-1; despite that, the SIV
landscape is 28% intact, adding further credence to host factors playing a role in shaping the
proviral landscape.
In Chapter 3, we compared levels of cell-associated RNA and supernatant RNA following
reactivation of PBMCs isolated from HIV-1 and HIV-2 study participants. Our data, when
normalized by DNA, showed that HIV-1 PBMCs saw significantly higher levels of supernatant
RNA than HIV-2 PBMCs for six of the reactivation conditions, despite not observing a similar
dynamic at the cell-associated RNA level. This suggests the existence of a block that prevents
mRNA transcripts from becoming virions; a post-integration block was previously proposed by
MacNeil et al., after they measured DNA, cell-associated RNA and plasma viremia in HIV-1 and
HIV-2 ART-naïve study participants. Since our experiments were conducted ex vivo, without the
pressures of host immunity, this block is likely due to viral factors, such as the TAR element of
the HIV-2 5’-UTR.
The research presented here points towards two avenues of future research, one focused on
host factors and the other on viral factors. On the proviral reservoir end, it will be interesting to
confirm whether host factors such as CTLs, which have been suggested to play a role in HIV-1,
determine the HIV-2 proviral landscape. In terms of reactivation and the potential block, one can
explore where a potential block is occurring and whether it is due to viral factors.
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