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Abstract

The introduction of antiretroviral therapy (ART) 20 years ago has dramatically reduced morbidity 

and mortality associated with HIV-1. Initially there was hope that ART would be curative, but it 

quickly became clear that even though ART was able to restore CD4+ T cell counts and suppress 

viral loads below levels of detection, discontinuation of treatment resulted in a rapid rebound of 

infection. This is due to persistence of a small reservoir of latently infected cells with a long half-

life, which necessitates life-long ART. Over the past few years, significant progress has been made 

in defining and characterizing the latent reservoir of HIV-1, and here we review how 

understanding the latent reservoir during suppressive therapy will lead to significant advances in 

curative approaches for HIV-1.
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Approaches to Cure HIV-1

To date, the only documented case of a patient cured of HIV-1 is the so-called Berlin Patient 

who was HIV-1 positive and subsequently diagnosed with acute myeloid leukemia. He then 

received an allogeneic hematopoietic cell transplantation (HCT) from a CCR5 Δ32/Δ32 

donor, which is a genotype resulting in a mutated CCR5 receptor that leaves the CD4+ T 

cells resistant to most HIV-1 strains. He has now been off treatment for more than eight 

years and has not experienced viral rebound [1, 2]. Even though the treatment regimen the 

Berlin Patient underwent is associated with a very high risk of mortality and is not feasible 

for the general population of HIV-1 infected individuals, this case provides a proof-of-

concept for a cure for HIV-1 and continues to drive and inspire the field of HIV-1 cure 

research. This review will provide an overview of some of the key strategies that are 

currently being pursued to cure HIV-1. We will then discuss why persistent HIV-1 is a 
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challenge to the scientific community with specific emphasis on the complicated question of 

which cells and tissues contribute to persistence of HIV-1 during suppressive therapy.

There are a number of different strategies to cure HIV-1 currently being investigated. One of 

the strategies that has received the most attention is the ‘kick and kill’ approach. The kick 

comprises the administration of a small molecule to induce viral transcription in latently 

infected cells. The subsequent kill would theoretically happen after activation of viral 

production due to the cytopathic effects of the virus or through recognition and destruction 

of infected cells by the immune system. However, latent viruses contain cytotoxic T 

lymphocyte (CTL) escape mutations and despite successful reversion of latency the immune 

system may not be able to clear the viruses [3]. Therefore, in addition to latency reversal, 

CTLs may need specific stimulation to eliminate infected cells [3, 4]. This is in accordance 

with several clinical trials testing latency reversing agents that have demonstrated disruption 

of latency without a significant reduction in the size of the cellular reservoir (see Glossary) 

[5-7]. These findings have led to new approaches combining latency reversing agents with 

immune therapy to enhance the killing of latently infected cells.

Another approach that is more directly inspired by the Berlin Patient is utilization of 

hematopoietic cell transplantation (HCT) with cells that naturally harbor CCR5 Δ32/Δ32 

mutations or are genetically modified to this genotype to generate an HIV-1 resistant 

immune system. Several attempts of HCTs with human cord or adult blood to HIV-1 positive 

patients who were also suffering from hematological cancer have shown promise initially 

but later resulted in viral rebound, viral escape, or poor outcomes for the patients due to the 

nature of the underlying cancer [8-11].

Many studies have shown a clear correlation between early initiation of antiretroviral 

therapy (ART) and a smaller and less genetically diverse reservoir [12-14]. It has been 

hypothesized that starting treatment during the acute phase of infection could prevent 

establishment of a latent reservoir, but several studies have made it evident that the HIV-1 

reservoir is seeded very early in the course of infection [15-17]. As an alternative to a 

sterilizing cure, a treatment that reduces the overall number of latently infected cells could 

lead to remission. Statistical models predict that a 50-70-fold reduction in the latent reservoir 

may be sufficient to achieve HIV-1 remission for one year during which patients could 

discontinue ART without experiencing viral rebound [18]. Due to the cost and unpleasant 

side effects of many ART regimens, ART-free periods during viral remission may provide 

significant benefits to patients.

Latent HIV-1 and Measuring the Latent Reservoir

Studies into where persistent HIV-1 resides in the human body are identifying the barriers to 

curing HIV-1. The latent HIV-1 reservoir has been defined as infected cell populations 

containing replication-competent HIV-1 in patients on ART. New theories regarding the 

advantages of latency to HIV-1 survival are discussed in Box 1. The majority of latently 

infected cells contain a single copy of HIV-1 DNA that is stably integrated into the genome 

and is transcriptionally silent [19, 20]. The mechanisms that control and maintain latency 

have been well defined and discussed in great detail in previous reviews [21]. However, a 
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comprehensive understanding of where HIV persists needs to be achieved to develop 

curative strategies targeted at the cell types and anatomical sites that contain replication-

competent HIV (Figure 1, Key Figure). In addition, mapping reservoirs will help guide 

sample collection when assessing potential cures during clinical trials of eradication 

strategies.

The mechanisms that contribute to maintenance of the HIV-1 reservoir during ART have 

been widely discussed, and several contributing factors have been proposed. While it is well 

established that longevity of latently infected cells allows for persistence of the reservoir 

over time [22], the question of whether ongoing replication or cell proliferation is 

maintaining the HIV-1 reservoir is more controversial. On one hand, studies showing viral 

evolution during ART [23, 24] and increases in 2-LTR circles following integrase inhibitor 

intensification [25, 26] have pointed towards a role for ongoing replication. On the other 

hand, the lack of effect of ART intensification on the reservoir [27-29] and several 

phylogenetic studies showing lack of viral evolution along with evidence of expanding 

populations of identical sequences over time during long-term suppressive ART [12, 30-32] 

suggest that homeostatic and antigen-driven cell proliferation without new rounds of 

infection are responsible for replenishment of the HIV-1 reservoir (Box 2).

One of the key barriers to developing a cure for HIV-1 is a lack of a sensitive and accurate 

measure of replication-competent virus. Several assays have been developed with the gold 

standard being the viral outgrowth assay (VOA), which quantitates inducible replication-

competent virus produced from CD4+ T cells. However, the VOA does not detect all 

replication-competent virus, is resource intensive, and can be variable [33]. Assays that 

measure cell-associated HIV DNA and RNA are very sensitive measures of the HIV 

reservoir [34-36]. However, a substantial proportion of intracellular HIV-1 DNA and RNA in 

individuals on effective ART is defective [35] resulting in an overestimation of HIV-1 with 

the potential to rebound. Another approach to measure persistent HIV is the use of 

immunological biomarkers, which have been shown to correlate with the levels of HIV-1 

DNA [37-39]. In addition to the limitation of not being able to accurately quantitate 

replication-competent virus, these assays have largely been tested in samples from the 

peripheral blood although tissue reservoirs of latent HIV-1 are also important contributors 

to persistent HIV-1. Further details regarding these techniques can be found in previous 

reviews [40].

Until an accurate measure of replication-competent HIV-1 is developed, ART interruption 

may be the ultimate determination of whether all replication-competent virus has been 

eliminated. Closely monitored analytical treatment interruptions with strict protocols to 

resume ART at the first sign of viral rebound are being proposed to test curative strategies. 

However, in light of the SMART study, careful consideration is warranted when proposing 

and conducting ART interruption. Further analysis needs to be conducted to determine the 

effect of well-monitored and controlled ART interruptions on infected individuals and their 

latent reservoirs.
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Memory T Cells are a Well-defined Reservoir of Latent HIV-1

The resting CD4+ T cell was first described as an HIV-1 reservoir 20 years ago and is still 

regarded as the largest reservoir and the primary barrier to a cure. Since then, HIV-1 DNA 

has been detected in a number of different CD4+ T cell subsets, and the characteristics and 

dynamics of these cells have been studied extensively (Figure 1). The exact lineage 

progression of CD4+ T cell subsets is not fully understood. However, several different 

subsets can be identified according to expression of cell surface markers. The earliest 

differentiation stage of memory cells is the naïve CD4+ T cell (TNA). These cells are 

produced in the bone marrow and then undergo selection in the thymus. When the T cell 

receptor of a TNA is stimulated by antigen presenting cells, it differentiates into a lineage of 

short-lived effector cells that include T helper and T regulatory cells. A small subset of these 

effector cells then differentiate into long-lived memory T cells that are thought to be the 

primary cells that harbour latent HIV-1. These memory cells can further be categorized into 

T stem cell memory (TSCM), central memory (TCM), transitional memory (TTM), effector 

memory (TEM), migratory memory (TMM), tissue resident memory (TRM), and terminally 

differentiated (TTD) cells [41, 42].

TNA, which are precursors to the memory subsets, are relatively constant over time and have 

a long half-life [43]. These cells are permissive to HIV-1 infection at very low frequencies. 

The total proportion of TNA cells relative to the total memory T cell population increases 

following ART initiation [12, 43-46]. Interestingly, very few expansions of clonal sequences 

have been detected in naïve cells indicating that cell proliferation only minimally contributes 

to the expansion of latent infection of these cells over time [31, 43].

The recently identified TSCM are considered the least differentiated stage of a memory T cell 

[47, 48]. This subset comprises 2-4% of circulating lymphocytes, is long-lived, and has the 

ability to differentiate into TCM and TEM [47]. TSCM are permissive to HIV-1 infection, and 

the initial study describing these cells found that the proportion containing cell-associated 

HIV DNA is higher than in TNA, TCM, TEM, and TTD [49]. TSCM are extremely stable over 

time and are maintained by homeostatic self-renewal, which although this cell population is 

relatively small in size, makes it a durable HIV-1 reservoir.

TCM are a significant reservoir for replication-competent HIV-1. These cells are very long-

lived and persist through T cell survival and low-level antigen driven proliferation [44, 46]. 

Recently, a subset of TCM cells that are functionally similar to follicular T helper (Tfh) cells 

were identified. This subset, called peripheral T follicular helper (pTfh) cells, was shown to 

be permissive to HIV infection and to make up a substantial proportion of the HIV-infected 

TCM cells [50]. The TCM subset reservoir, due to its relatively large size, retention of 

proliferative ability, and long-life span is regarded as one of the most significant HIV-1 

reservoirs.

TTM are an intermediate between the effector cells and the TCM and TEM reservoirs. They 

are a major reservoir for HIV-1 DNA and can expand by homeostatic proliferation (Box 2, 

Figure 2) [44]. It was recently shown that the HIV-1 DNA in TTM is less frequently 

Barton et al. Page 4

Trends Microbiol. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



replication-competent than in TCM, indicating that there is an excess of defective viruses that 

are possibly expanded through proliferation [46].

TEM are characterized by a more differentiated phenotype, higher rates of proliferation, and 

a shorter life span than its precursor cells. Clonal sequences are present in several memory 

subsets but are more apparent in TEM, which is consistent with the higher proliferation rates 

and the differentiation level of these cells (Figure 2) [31].

Integrated HIV-1 DNA has also been detected in TTD, a subset which contributes in very 

small numbers and make up less than 0.3% of the CD4+ T cell reservoir [44].

Two types of tissue memory CD4+ T cell subsets have recently been described in human 

tissues [51, 52]. TMM recirculate into the blood, and TRM reside in and patrol a limited local 

tissue region [53]. These two tissue memory T cells provide local surveillance and 

protection against infection and are particularly important for pathogens that establish latent 

infection and reactivate in a predictable and specific region, such as herpes simplex virus 

[54]. However, the function of these tissue resident cells, proliferation, and contribution to 

the persistent HIV-1 reservoir need to be elucidated.

The relative contribution of the memory cell subsets has been the subject of several studies. 

Three studies have measured HIV-1 DNA in sorted CD4+ T cell subsets from the peripheral 

blood. Two studies found the highest level of HIV-1 DNA in TEM cells with similar levels in 

TTM cells [31, 55]. The third study found the highest level of HIV-1 DNA in TCM cells with 

the next highest levels in TTM and TEM [44]. A later study found that TCM contained the 

highest level of inducible replication-competent virus followed by TTM and TNA cells [46]. 

The discrepancies between these studies are mirrored by high levels of variability between 

patients within each study. Overall, TEM, TCM, and TTM consistently contain higher levels of 

HIV-1 than TNA. The relative contribution of each subset also varies depending on when the 

participant began ART and is different when the subsets are sorted from tissues. When the 

individual HIV-1 proviruses are sequenced from cell subsets, expansions of identical HIV-1 

sequences are more commonly found in the TEM than in the other subsets indicating that 

cellular proliferation maintains the reservoir in TEM cells (Box 2). One study demonstrated 

that a large clonal expansion making up a significant proportion of the measurable HIV-1 

DNA contained a defective provirus, indicating that some clonally expanded cells contain 

defective HIV-1 [12]. However, a recent study found that although rare, HIV-1 proviruses 

from clonally expanded cells can contribute to viremia following ART discontinuation [56]. 

This study is particularly important because it disproves a long-standing assumption in the 

field that cell-activation and proliferation are sufficient to activate and clear an infected cell. 

Overall, these studies provide evidence that all CD4+ T cell subsets contribute to the 

persistent reservoir of HIV-1 to some extent emphasizing the importance of addressing 

HIV-1 in each subset.

Non-memory T Cells Contribute to Persistence of HIV-1 During ART

In addition to the memory T cell subsets, some effector T cells have been demonstrated to 

harbour replication-competent HIV-1 in individuals on long-term effective ART. The T 
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helper cells, which are an important part of the adaptive immune system, can also be 

infected with HIV-1. Furthermore, HIV-1 DNA has been detected in CD4+ T helper cells in 

HIV-infected individuals on long-term ART [57]. The majority of these cells die within 1-2 

weeks. However, a subset of these cells persists for many years.

Hematopoietic precursor cells can be infected with HIV-1 ex vivo and have been implicated 

as cells that potentially carry latent HIV-1 proviruses in vivo [58, 59]. However, early studies 

detected only low levels of HIV-1 DNA that were similar to the frequency of contaminating 

CD4+ cells [60]. Later studies failed to find any HIV-1 sequences in these cells, and 

therefore, the contribution of hematopoietic precursor cells to the persistence of latent HIV-1 

is undetermined [60, 61].

Innate Immune Cells Harbour Latent HIV-1

In addition to the T cells described above, γδ T cells are a relatively small subset of T cells 

that recognize phosphoantigens commonly found on bacterial pathogens. They are 

considered a link between innate and adaptive immunity as they are also able to develop a 

memory phenotype. γδ T cells isolated from HIV-1 infected individuals on long-term 

suppressive therapy have been shown to contain replication-competent HIV-1 DNA, 

indicating that they harbour latent HIV-1. The memory subset of γδ T cells was included in 

this study but not exclusively studied [62]. Due to the longevity of the memory subset, they 

should be considered in curative approaches for HIV-1.

As HIV infection progresses, a number of individuals develop virus that can use CXCR4 

and/or CCR5 as a co-receptor. These viruses can infect cells with low levels of CD4, such as 

monocytes and macrophages. Monocytes and macrophages have been demonstrated to 

contain HIV-1 DNA in HIV-1 infected individuals on ART [63-65]. Monocytes originate in 

the bone marrow and are precursor cells to macrophages and dendritic cells. Macrophages 

are part of the innate immune system in which they clear infected and dead cells through 

phagocytosis. It is unclear whether the HIV-1 detected in macrophages is due to receptor-

mediated infection, phagocytosis-mediated infection, or to residual DNA from engulfed cells 

that does not integrate or lead to productive infection [66]. Macrophages are largely resistant 

to the cytopathic effects of HIV-1 and have demonstrated long life spans in vitro. Therefore, 

if macrophages are permissive to productive infection following treatment interruption, they 

may be an important reservoir of HIV-1. A study in non-human primates however suggests a 

considerably shorter half life for this cell type in vivo [67]. Natural killer cells are cytotoxic 

lymphocytes that function as part of the innate immune system and they can be infected with 

HIV-1 ex vivo [68]. Valentin et al. found HIV-1 DNA in natural killer cells isolated from 

participants on ART and recovered replication-competent virus in an outgrowth assay [69].

Follicular-dendritic cells are not infected with HIV-1. However, these cells retain HIV-1 

virions in immune complexes on their cell surface. These virions have the potential to 

remain infectious for at least nine months [70-77]. The full extent of the infectivity of HIV-1 

in the immune complexes of follicular-dendritic cells and whether they contribute to new 

infections during effective therapy are ongoing areas of study. Memory follicular T helper 

cells are HIV-1 target cells and contain significant levels of HIV-1 DNA in HIV-1 infected 
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individuals who are not on ART [77]. Due to their close proximity to the follicular-dendritic 

cells in B cell follicles of the lymph nodes, they may serve as a potential target population 

for new infection during ART. While the follicular-dendritic cells do not contain latent 

HIV-1 proviruses, they may serve as an important source of infectious virions during and 

after ART making them a critical contributor to HIV-1 persistence.

The Peripheral Blood Contains Well-defined Latent HIV-1 Populations

Studies of the HIV-1 reservoir have largely focused on the peripheral blood, as it contains 

most of the memory T cell subsets discussed above. Cell-associated HIV-1 sequences from 

the peripheral blood intermingle with sequences isolated from the gut-associated lymphoid 

tissue (GALT) and lymph nodes indicating that cells containing HIV-1 proviruses traffic 

between these tissues [78]. As the peripheral blood is the most accessible source of cells 

containing latent HIV-1, it is the best studied and understood reservoir. Many of the assays 

to measure biomarkers of latent HIV-1 and approaches to cure HIV-1 currently target the 

peripheral blood reservoir.

Lymphoid Tissues Harbor Latent HIV

In addition to the memory T cell subsets in the peripheral blood, the GALT also contains 

memory T cells with persistent HIV-1 in infected individuals on effective long-term therapy. 

The GALT is the largest lymphoid tissue in the body, and the memory T cell subsets from 

the peripheral blood and macrophages migrate into the GALT. The GALT contains 2-4 fold 

higher levels of HIV-1 DNA than cell populations from the peripheral blood [78]. However, 

when comparing intrapatient memory cell subsets from the peripheral blood and GALT, the 

amount of HIV recovered from individual cell subsets was less than 1.5 fold different 

between these two compartments [31]. The HIV-1 DNA integrants in cells from the GALT 

are stable and do not evolve during effective therapy, suggesting that ART penetration is 

sufficient to prevent ongoing viral replication [12, 31]. Studies are in progress to determine 

the extent to which the GALT contributes to rebound following treatment interruption.

The average adult human body contains between 500-700 lymph nodes through which the 

CD4+ T cell populations discussed above circulate. Consequently, persistent HIV-1 can also 

be isolated from these tissues. The lymph nodes also contain germinal centers with memory 

Tfh that have been demonstrated to contain inducible HIV-1. As discussed above, Tfh cells 

are in close proximity to follicular dendritic cells, which may harbor infectious virus [76, 

77]. In further support of these findings, Rothenberger et al. demonstrated that multiple focal 

points of viral replication can be detected in lymph nodes from participants during a 

treatment interruption [79]. Tfh cells and HIV-1 in the lymph nodes may present a unique 

challenge to eradication of HIV-1 because of their anatomical location, which has been 

demonstrated to achieve lower doses of some drugs than the peripheral blood [80]. 

Furthermore, access and measurement of the latent HIV-1 population in the lymph nodes is 

more difficult due to the relative complexity of obtaining lymph node biopsies.
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Latent HIV-1 in Tissue Reservoirs

HIV-1 associated neurocognitive disorder is a common complication of HIV-1 infection that 

is associated with replication of HIV-1 in the central nervous system (CNS). The CNS 

contains very few CD4+ T cells; however, it contains several different types of macrophages 

including microglial cells, perivascular macrophages, meningeal macrophages, and 

macrophages of the choroid plexus, which are the primary infected cell types in the CNS. 

Furthermore, HIV-1 DNA has been detected in CNS resident macrophages in individuals on 

long-term suppressive therapy [81]. Schnell et al. demonstrated that viral sequences detected 

in the CNS were R5 trophic, further supporting a role for macrophages in HIV-1 infection of 

the CNS [82-84]. HIV-1 in the CNS is well documented indicating that HIV-1 can cross the 

blood brain barrier. However, in some individuals, the HIV-1 population in the CNS is 

genetically distinct from that in the blood indicating that the blood brain barrier does not 

continually permit free exchange of virus between the CNS and peripheral blood in all 

infected individuals making this compartment a unique challenge for elimination of HIV-1 

[83, 85]. Astrocytes are the most common cell type in the CNS, and HIV-1 DNA has been 

detected in astrocytes [86, 87]. However, because astrocytes have not been demonstrated to 

produce virus, infected astrocytes may not necessarily need to be cleared for individuals to 

be cured of HIV-1.

The anatomical compartments discussed above are some of the most well characterized 

reservoirs of latent HIV-1. However, many of the cell types, including the TMM, TRM, and 

macrophages, migrate into tissue compartments throughout the body including the skin, 

adipose tissue, liver, spleen, lungs, and genital tract [51]. Limited studies have demonstrated 

that HIV-1 DNA is present in some of these tissues [88-90] (http://www.croiconference.org/

sessions/liver-macrophages-and-hiv-1-persistence). However, the extent of the contribution 

of each of these compartments to persistence of latent HIV-1 has not been fully 

characterized; yet, it is likely that infected immune cells migrate through and sometimes 

become permanent residents of these tissues. Non-human primate models using simian-

human immunodeficiency virus (SHIV) have recovered virus from animals on effective ART 

from the intestine, lung, spleen, CNS, epithelium, and genital tract further supporting a role 

for these tissues in persistence of latent HIV-1 [91]. Therefore, the role of these potential 

anatomical reservoirs needs to be clearly defined to allow development of effective cure 

strategies.

Concluding Remarks

The latent HIV-1 reservoir is one of the most difficult and significant medical research 

problems of the modern era. The unique nature of latent HIV-1, which is indistinguishable 

from the host’s DNA, makes it a particularly challenging scientific problem. Each of the cell 

types and anatomical reservoirs discussed above should be considered when designing 

curative approaches as even a single cell containing a replication-competent virus could 

spark renewed infection. Furthermore, it is likely that undefined cell types and tissues that 

harbor latent HIV-1 exist and defining and characterizing these reservoirs should be a 

significant focus of HIV-1 cure research (see Outstanding Questions). New guidelines 

suggest that patients initiate ART during acute infection, which limits the size and diversity 
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of the HIV reservoir. This could potentially make them more amenable to some approaches 

to cure HIV-1. Currently several approaches being tested are applying novel scientific 

advances to find a cure for HIV-1 including pharmacological and gene therapy approaches. 

The ‘kick and kill’ step is the furthest along in terms of clinical trials and has potential to be 

transferable to the developing world making it the most promising approach. As the field 

moves forward, the development of novel ideas to cure HIV focused on delivery in resource 

limited settings could have the strongest impact on the HIV infection worldwide. One of the 

most important changes in the HIV-1 field has been the introduction of large collaborations 

of key leaders, which have driven significant advances in the latent HIV-1 arena over the last 

few years and provide hope that a cure will be developed in our lifetime.
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Glossary

Cellular reservoir cells that are infected with latent HIV-1

Latent HIV-1 transcriptionally silent, but replication-competent HIV 

proviruses that persist during treatment with ART and are 

capable of resuming replication upon discontinuation of 

ART

Tissue reservoir anatomically defined structures that contain cells that 

harbour latent HIV-1
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Box 1

Latency May Cconfer A Transmission Advantage

Activated CD4+ T cells are the preferred target cells for HIV-1 as they express high 

amounts of CD4, which is the primary receptor for HIV-1 binding. Most infected cells are 

eliminated due to the cytotoxic effects of the virus or because of the short life span of 

activated CD4+ T cells. It was previously thought that latency was established due to a 

small proportion of activated T cells reverting to a resting memory state in which 

integrated but transcriptionally silent HIV-1 proviruses can persist. However, recent 

studies have shown that latency can be established and persist in activated CD4+ T cells 

as well as resting CD4+ T cells [92]. Furthermore, modelling studies predict enhanced 

transmission of virus that has an innate propensity to establish latent infection, which 

confers a transmission advantage by permitting the virus to persist in the mucosal 

environment; whereas, productively infected cells are eliminated and fail to establish 

infection [93]. A related study suggests that regulation of tat may be more important for 

control of whether the virus establishes latent or active infection than the activation state 

of the infected cell [94]. Both of these models predict that latency is a stochastic event; 

however, cells in the activated state have a higher tendency toward productive infection 

rather than latency. Therefore, because the immune system is constantly exposed to 

antigens that activate memory T cells, it is expected that as cells are activated and start to 

produce virus they would be cleared and the number of latently infected cells would 

decline over time. However, the latent pool is relatively stable and does not decline [12]. 

To reconcile these findings, a recent study by Seu et al. demonstrated that some infected 

memory T cells are anergic and unresponsive to activation signals and may therefore 

remain in the resting state despite the presence of activating antigens [95].
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Box 2

T cell Proliferation Maintains the HIV-1 Reservoir

The stability of the CD4+ T memory cell reservoir may be naturally maintained by the 

immune system via T cell survival through homeostatic and antigenic driven 

proliferation, providing HIV-1 proviruses in infected cells with the ability to expand in 

the absence of viral replication [96]. Antigenic driven proliferation occurs when the T 

cell receptor of a memory T cell is stimulated by a specific antigen that drives clonal 

expansion. Homeostatic proliferation is induced by interleukin-2 (IL-2) when the levels 

of circulating lymphocytes declines to detectable levels. HIV-1 expansion through cell 

proliferation has been demonstrated by several different studies. The first showed that 

CD4+ memory T cells expressing high levels of PD-1, indicating recent proliferation, 

contained higher levels of HIV-1 DNA than those that were PD-1 negative. Furthermore, 

sequencing studies showing clonal expansion of defective viral genomes in memory T 

cell subsets provide concrete evidence that proliferation of cells can expand HIV-1 

proviruses [12, 96]. Lastly, integration studies have also found expansions of HIV-1 

proviruses integrated into a single site in CD4+ memory T cells, further indicating that 

these proviruses were propagated through clonal expansion as insertion of virus into 

exactly the same location by two different infection events is statistically unlikely [97]. 

Two patterns of clonal expansion have been identified. Multiple small expansions of 

HIV-1 integrants are likely due to homeostatic driven proliferation of memory T cell 

subsets while large single HIV-1 integrant expansions are likely due to antigenic 

stimulation through a specific T cell receptor (Figure 2) [31].
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Trends box

-Pharmocological and gene therapy are leading approaches to developing a cure for 

HIV-1.

-Cells infected with latent HIV-1 that persist during antiretroviral therapy are the primary 

barrier to a cure.

-While latent HIV-1 persists primarily in CD4+ T cells in the peripheral blood, many 

additional cell types and tissues also contribute to the persistence of HIV.

-The stable latent HIV-1 reservoir is maintained by homeostatic and antigenic-driven 

proliferation of infected cells.

-New strategies to accurately measure latent HIV and guide clinical decisions need to be 

developed.
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Outstanding questions

Do latency-reversing agents penetrate into tissue compartments?

Do follicular-dendritic cell associated virions in the lymph nodes infect cells during and 

after ART?

Which cell types and tissue compartments contribute to viral rebound following treatment 

discontinuation?

What is the contribution of non-CD4 T cells to recrudescence following treatment 

interruption?

How do we best assess the effectiveness of clinical trials investigating curative strategies?

How do we determine when a treatment interruption is warranted?
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Figure 1. Latent HIV Is a Multifactorial Challenge
In addition to the CD4+ memory T cell subsets found in the peripheral blood, the lymphoid 

tissue, gut-associated lymphoid tissue, and the central nervous system are significant 

anatomical focuses of latent HIV infection. Furthermore, additional tissues such as the lungs 

and skin may also contain cells harbouring latent HIV. Additionally, unknown potential 

reservoirs remain to be defined. Each of these tissues contains unique cell types that 

contribute to the persistence of HIV during effective ART. TH – CD4+ helper T cells, NK – 

natural killer cells.
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Figure 2. Latent HIV Reservoir Is Maintained Through Cell Proliferation
CD4+ memory T cells undergo cellular proliferation through two mechanisms that can be 

detected individually. The first is due to specific antigenic stimulation by antigen presenting 

cells (APC), which results in a large expansion of a single cell. Second, the overall 

population of memory T cells is kept at a relatively constant number through homeostatic 

proliferation. When the total numbers of memory T cells decline, the remaining cells are 

stimulated to proliferate by cytokines such as interleukin-7 (IL-7). If these cells contain 

latent HIV, it is also expanded, which increases the size of the latent reservoir. As the latent 

reservoir is stable over time, it is likely that decline of virus due to cell death is somewhat 

balanced with proliferation.
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