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Abstract

A major obstacle in human immunodeficiency virus type 1 (HIV-1) eradication is the ability of the
virus to remain latent in a subpopulation of the cells it infects. Latently infected cells can escape the
viral immune response and persist for long periods of time, despite the presence of successful highly
active antiretroviral therapy (HAART). Given the appropriate stimulus, latently infected cells can
reactivate and start producing infectious virions. The susceptibility of these cell populationsto HIV-1,
their life span, their proliferative capacity, and their ability to periodically produce infectious virus
subsequent to alterations in cellular physiology and/or immunologic controls are critical issues which
determine the contribution of these cells to viral persistence.

Memory CD4+ T cells due to the long life span, which may be several years, and their ability to
reactivate upon encounter with their cognate antigen or other stimulation, are considered a critical
reservoir for maintenance of latent HIV-1 proviral DNA. Cells of the monocyte-macrophage lineage,
which originate in the bone marrow (BM), are of particular importance in HIV-1 persistence due to
their ability to cross the blood-brain barrier (BBB) and spread HIV-1 infection in the
immunoprivileged central nervous system (CNS). Hematopoietic progenitor cells (HPCs) are also a
potential HIV-1 reservoir, as several studies have shown that CD34+ HPCs carrying proviral DNA
can be found in vivo in a subpopulation of HIV-1-infected patients. The ability of HPCs to proliferate
and potentially generate clonal populations of infected cells of the monocyte-macrophage lineage
may be crucial in HIVV-1 dissemination. The contribution of these and other cell populations in HIV-1
persistence, as well as the possible strategies to eliminate latently infected cells are critically
examined in this review.
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Introduction

Despite the initial vigorous immune response, HIV-1 manages to establish a chronic infection,
which ultimately leads to severe immunodeficiency in the majority of the infected patients
despite treatment with HAART. HIV-1 utilizes a plethora of strategies to evade the host
immune response, including the establishment of a latent infection within a subpopulation of
susceptible cells. HIV-1 infection of activated CD4* T cells leads to pronounced production
of viral RNAs and proteins, prompt assembly of virions, and eventually cell death due to the
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cytopathic effects of the virus. On the contrary, within certain cell populations, viral replication
is arrested and these cells can survive for prolonged periods of time, presenting a major obstacle
to the eradication of HIV-1. Based on the lack of active viral replication in latently infected
cell populations, HAART is no longer effective with respect to reducing HIV-1 proviral DNA
burden and the immune system, even an intact one, cannot always recognize and clear silently
infected cells.

Mechanisms of Latency

Following HIV-1 binding and entry, the viral genome has to be reverse transcribed into DNA,
transported into the nucleus and integrated into the host genome for the virus to be able to
replicate [1]. Due to blocks in reverse transcription and nuclear transport of the pre-integration
complex, infection of resting CD4* T cells often results in the transient state of pre-integration
latency. From this state, the virus may either surpass the cellular blocks and move to a
productive infection [2] or in the majority of cases, become inactivated and be cleared from
the cell. Interestingly, selective transcription of Tat and Nef has been shown from pre-
integrated provirus in resting CD4* T cells; these viral proteins may induce activation,
ultimately leading to integration of the viral genome within these cells [3]. Pre-integration
latency in resting CD4™* T cells is quantitatively dominant over post-integration latency; at any
given time, the fraction of infected cells in the state of pre-integration latency is larger than the
fraction containing latently integrated HIV-1 DNA [4]. However, due to the comparatively
short half-life or labile nature of pre-integration latency its contribution to viral persistence is
limited.

In post-integration latency, the RNA viral genome has been reverse transcribed and the
generated viral DNA has translocated to the nucleus, where it has stably integrated into the
host genome. The level of the viral gene transcription is low, and little or no virus is produced.
A cell can remain in this state of latency for its natural life span as the lack of viral proteins
protects it from the cytopathic effects of the viral infection while it remains undetected by the
host immune system. A number of factors, possibly acting simultaneously, may contribute to
the repression of viral gene transcription resulting in the establishment of HIV-1 post-
integration latency. Limited transcription factor availability in resting cells may impose a block
in viral replication, which can be relieved following exposure of the cell to appropriate stimuli
[5]. Generally, upon differentiation and/or activation of a given host cell population, the
availability of numerous transcription factors in the cell nucleus is greatly enhanced,
influencing the transcription of host and viral genes (Fig. 1). The availability of transcription
factors may be particularly crucial in determining viral gene expression in the presence of Tat
variants that have been shown to be weak transactivators of the LTR. Tat variants have been
identified that are conditionally dysfunctional and contribute to viral latency under certain
conditions but are able to trans-activate the LTR following appropriate stimulation [6,7].
Numerous studies have shown an increase in HIV-1 genome transcriptional activity following
activation of resting T cells, and macrophages [8-11]. Co-infections have also been shown to
lead to reactivation from latency [12,13].

Integration of the viral genome into a repressive heterochromatin environment has been shown
to favor viral latency [14]. However, conversion of euchromatin to heterochromatin is possible
following chromatin modifications (Fig. 1). Trimethylation of histone H3 lysine 9 (H3 Lys9),
which can be reversed, has been implicated in heterohromatin formation and transcriptional
silencing of the integrated HIV-1 proviral genome [15-17]. Subsequent to HIV-1 integration,
independent of the integration site, two nucleosomes (designated nuc-0 and nuc-1) are
deposited at the viral promoter at precise locations with respect to cis-acting regulatory
elements [18,19]. Disruption or displacement of nuc-1 is a prerequisite for HIV-1 transcription
[18]. Histones of nuc-0 and nuc-1 are deacetylated in HIV-1 latency, suggesting an important
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role for histone deacetylase (HDAC) in the HIV-1 latency. An important role in mediating
HDAC1 recruitment to HIV-1 LTR has been shown for transcription factors Sp1, and c-Myc,
leading in decreased LTR-driven viral gene expression [20]. Additionally, COUP-TF
interacting protein 2 (CTIP2), C-promoter binding factor-1 (CBF-1), LSF, YY1, NF-xB p50-
p50 homodimer, and thyroid hormone (T3) receptor have been shown to be involved in the
recruitment of HDACs and facilitate the establishment of HIV-1 latency [16,21-23]. Tat has
been shown to interact and recruit histone acetyltransferases (HATS) p300/CBP, p300/CBP-
associated factor (PCAF) and hGCNS, and is involved in reversing histone hypoacetylation.
Tat-recruited HATS have been proposed to acetylate histones in LTR-proximal nucleosomes
and as a result are able to induce LTR-driven transcription from an integrated chromatin
microenvironment.

Interestingly, cellular microRNAs (miRNAS) have been proposed to inhibit histone acetylation
and promote the establishment of HIV-1 latency. miRNAs are small single-stranded noncoding
RNAs that participate in regulation of gene expression and innate host cell immunity against
viruses, by binding to the target messenger RNAs (mMRNA) and then degrading the mRNA or
inhibiting mMRNA translation [24]. It has been shown that cellular microRNAs (miRNASs) may
inhibit HIV-1 gene expression by decreasing the expression of PCAF, and interfering with
histone acetylation [25]. Additionally, miRNAs have been shown to participate in repressing
HIV-1 gene expression by directly targeting the HIV-1 messenger RNA (mMRNA). Particularly,
five cellular miRNAs able to target the 3’ end of HIV-1 mRNAs have been shown to inhibit
HIV-1 gene expression in resting CD4+ T cells. The five miRNAs have been shown to be
upregulated in resting CD4+ T cells compared to activated CD4+ T cells [26,27], further linking
them to latency.

Cellular HIV-1 Reservoirs
Resting CD4* T Cells

The pool of latently infected CD4™ T cells is established early in the course of the disease,
during primary infection [28]. The fraction of resting CD4"* T cells harboring integrated HIV-1
genome during asymptomatic infection has been estimated to be in the order of <0.05%, which
is two orders of magnitude less than the productively infected activated CD4* T cells, with the
total number of latently infected CD4* T cells estimated to be around 10°-107 cells per patient
[4]. Despite the small size of this infected cell compartment, this population is considered to
be a major obstacle to HIV-1 eradication and may allow viral persistence despite the presence
of vigorous immune responses and HAART.

Two populations of resting CD4* T cells exist, the naive and the memory CD4* T cells.
Infection of both of these populations is typically present in HIV-1-infected patients [29]. Naive
CD4* T cells and the majority of memory CD4* T cells are CCR5 negative, while, similarly
to activated CD4+ T cells, they have a high level expression of CXCR4. Although X4-tropic
viruses can readily infect resting CD4+ T cells, these strains of virus typically emerge only
late in the course of the disease, and it has been shown that early in disease most HIVV-1-infected
resting CD4* T cells harbor R5-tropic provirus [30]. Limited or no CCR5 expression is not the
sole barrier that HIV-1 encounters when infecting resting CD4+ T cells, as following viral
entry into resting CD4" T cells, blocks in viral reverse transcription and nuclear import are
normally present in quiescent T cells [31]. For these reasons, the presence of latently infected
CD4* T cells, which are consistently present in all HIV-1-infected patients, has been rather
puzzling. It has been hypothesized that the memory CD4* T cells, which carry HIV-1 provirus,
had been infected while they were in an activated state and survived long enough to move into
a resting memory state. This process, although possible, might not be efficient since activated
CD4* T cells, shortly after infection with HIV-1, typically succumb to the cytopathic effects
of the virus, or to the cytolytic effects of the host immune response. A more likely explanation
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suggests that for an infected CD4* T cell to become a memory cell, infection should occur
when the cell is already in the process of reverting to the resting state; during that short time
frame the cell might still be permissive for the early steps in the virus life cycle but unable to
support fully productive viral replication [32].

Alternatively, some evidence indicates thata CD4* T cell may be permissive to HIV-1 infection
without being activated [33]. It has been proposed that naive CCR5~ CD4™* T cells may in fact
have a very low level expression of CCR5 that can not be detected by standard methods of
flow cytometry. Consequently, their infection by CCR5-utilizing viruses may be possible, as
long as expression of CD4 is relatively high [34]. Additionally, it has been demonstrated that
the microenvironment of human lymphoid tissues may be sufficient to support infection of
naive CD4* T cells by HIV-1 [35] (Fig. 2). Although the mechanism of this induced
susceptibility is unknown, it is likely that interaction of the CD4" T cell with their autologous
B cells or dendritic cells (DCs) might be a contributing factor [36,37]. Interestingly, Nef-
mediated signals from HIV-1-infected macrophages have been shown to promote HIV-1
infection of resting CD4* T cells [38]. The activation status of CD4" T cells appears to be a
key factor in determining their susceptibility to infection [39]; however, subtle activating
signals may be able to render a cell susceptible to HIV-1 infection, without necessarily inducing
any detectable changes towards an activated phenotype. There is evidence that stimulation with
cytokines can be sufficient for increased susceptibility of resting CD4* T cells to HIV-1
infection; interleukin (IL)-2, IL-4, IL-7, IL-15 and to a lesser extent IL-6, all have been shown
to have such an effect [40]. Similarly, chemokines CCL19 and CCL21 have been shown to
promote latent infection of resting CD4+ T cells without inducing any detectable activation
markers [41].

The presence of provirus in a resting CD4* T cell is typically associated with latency;
nevertheless, there are a number of reports suggesting that some of these cells may actively
produce virus, especially in viremic patients [42]. In a study by Zhang et al. it was shown that
HIV-1 and SIV could be propagated from both resting and activated CD4" T cells. The
activated T cells were responsible for the production of a bulk of the virus while the resting
CD4* T cells were producing less virus but were able to persist after retroviral therapy [43].
In vitro studies further support the continuous replication within the resting memory CD4* T
population, since it was shown that the CD4* T cells, which were infected while being
activated, continue to produce small amounts of virus persistently after reverting back to a
resting state and never establish a truly silent proviral latency [44].

Memory T cells are the ideal reservoir for long-term maintenance of a viral genome due to
their long life span. In addition, because they are quiescent cells not undergoing cell division
or going through differentiation or activation processes and are only maintaining basic cellular
processes for survival and cellular functions that will enable the cell to respond to appropriate
immunologic stimuli their transcriptional machinery is set in a mode that greatly favors viral
latency with minimal capability of supporting basal viral transcription. The limited viral
production that may take place within these cells may be responsible for reseeding the pool of
productively infected cells, while it may be insufficient to trigger the cytopathic effects
typically observed in HIV-1-activated CD4* T cells. However, under activating conditions
these cells are capable of vigorous production of virus. The contribution of the naive CD4* T
cell population in the dissemination of the virus and the establishment of latency is less clear.
Their relative short life span, unless activated, is certainly not consistent with what one would
expect for a cell functioning as a long-term reservoir of HIV-1 proviral DNA. However, given
that the majority of T cells in a healthy individual are in the naive state, the fact that they can
be infected with HIV-1 is of crucial importance despite their short average life span.
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Monocytes and Macrophages

The presence of latent proviral HIV-1 DNA in the memory CD4" T cell population has been
undoubtedly proven; and given the long life span of these cells, many investigators have
supported the notion that this may be the only physiologically important, long-term, cellular
reservoir for HIV-1 [45]. However, Chun et al. have shown that latent HIV-1 proviral DNA
within the resting CD4™ T cell compartment is not the only and potentially not the major source
of rebounding virus after cessation of HAART. This was revealed by comparing replication
competent HIV-1 from resting CD4* T cells to virus that re-emerged promptly after
discontinuation of therapy, indicating the presence of viral reservoirs within cells other than
the resting CD4* T cells [46].

A number of features make the cells of the monocyte-macrophage lineage a potential HIV-1
reservoir. Monocytes circulate in the blood for up to 3 days and then migrate to various tissues
where they differentiate into macrophages. Depending on the tissue, the life span of these cells
can range from a few days up to several months. Contrary to what happens to activated
CD4* T cells, HIV-1 infection does not impact monocyte-macrophage viability to the same
extent [47-49]. In contrast, viral replication is more persistent in nature, which may lead to a
continuous low-level virus production mode lasting for the natural life-span of the cells.
Limited expression of viral proteins may have a profound physiologic significance, enabling
these cells to escape the immune response.

Initiation of HAART in patients is accompanied by a 99% decrease in plasma viremia within
two weeks, attributed to the rapid elimination of cell free virus and clearance of the productively
infected CD4™ T cells. A second phase of decay follows and has been attributed to longer-lived
cells, presumably cells of the monocyte-macrophage lineage, with a half-life of 1-4 weeks
[50]. Activation of latently infected lymphocytes and release of sequestered virions could also
contribute to this phase of decay. The size of the infected monocyte-macrophage pool is
estimated to be rather small compared to the infected T cell pool. It is estimated that HIV-1
proviral DNA is present in less than 1% of monocytes [51], while in a later study it was shown
that only ~50 in 108 lymph node macrophages were infected [4]. The limited extent of infection
is attributed to the low CD4 surface expression which leads to reduced viral binding [48], but
also to barriers in reverse transcription [52] and nuclear import leading to abortive infection
[53] of this cell population. However, cells of the monocyte-macrophage lineage may, in part,
carry a wide range of HIV-1 strains [54] and consist of up to 10% of all productively infected
cells in early stages of disease, and may increase significantly at late stages of disease when
CD4* T cells are depleted [55].

Studies conducted when only AZT therapy was available indicated that monocytes harbor
latent HIV-1 proviral DNA in all stages of the disease and in spite of the presence of antiviral
therapy [51]. Later studies further confirmed this observation, by demonstrating that infectious
HIV-1 could be detected in circulating monocytes from patients on HAART for prolonged
periods of time [56,57]. Importantly, these monocytes produced undetectable amounts of
HIV-1 RNA under basal conditions, but the virus could reactivate following appropriate
stimulation [56]. Reactivation in macrophages has been shown in vivo in response to
opportunistic infections. Common pathogens such as Mycobacterium avium and Pneumocystis
carinii have been shown to induce virus production from macrophages in lymph nodes, further
highlighting the role of macrophages as an HIV-1 proviral DNA reservoir [12]. Subsequent
studies revealed more cases of HIV-1 reactivation in macrophages following infection with
other pathogens, such as human herpesvirus-8 (HHV-8) [58]. Recently, HIV-1 reactivation in
promonocytic cell lines has been shown following cell to cell contact with CD4+ T cells
[59].
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Another key feature of macrophages that enables them to act as an HIV-1 reservoir has been
their role in spreading the virus to CD4" T cells. Monocyte-derived macrophages infected with
HIV-1 have been shown to fuse with autologous and heterologous CD4* T cells and thus
transmit the virus [60,61]. Furthermore, Nef-expressing macrophages have been demonstrated
to facilitate resting T cell infection in a paracrine fashion, therefore expanding the HIV-1
reservoir by promoting latent infection of cells [38]. The ability of infected macrophages to
recruit and activate lymphocytes, thus contributing to the dissemination of the virus, has also
been shown [62], while the role of Nef in this process is crucial [63].

The role of cells of the monocyte-macrophage lineage as an HIV-1 reservoir has been further
complicated by their resistance to protease inhibitors (PIs). Pls inactivate the virus-encoded
asparty| protease, resulting in inhibition of Gag and Pol processing which has been shown to
occur during the late stages of HIV-1 replication [64]. As a result, Pls inhibit the formation of
new virions from cells already infected with HIV-1. In this respect, they differ from the reverse
transcriptase inhibitors, which act before the integration of the virus to the host genome and
hinder new infections [65]. Reverse transcriptase inhibitors have no effect on latently infected
cells, in which HIV-1 already has been reversed transcribed and integrated into the genome.
In a comparative study, the activity of a number of Pls on chronically infected cells of the
monocyte-macrophage lineage was found to be several fold lower than in chronically infected
lymphocytes [66]. It has been suggested that the resistance of cells of the monocyte-
macrophage lineage to Pls is due to their expression of P-glycoprotein transporters, which
limits drug availability [67]. In this regard, the activity of Pls in chronically infected moncytic
cells was found to be 7- to 26-fold less compared to acutely infected cells of the monocyte-
macrophage lineage, indicating that the drug may be mostly ineffective on the longer-lived
monocyte-macrophage reservoir [66].

Resident Macrophages of the CNS

Four types of macrophages are found in the CNS, the perivascular macrophages, the meningeal
macrophages, the macrophages of the choroid-plexus, and the microglia [68]. These cells all
belong to the monocyte-macrophage lineage and are the major phagocytic and antigen
presenting cells of the CNS. Just as other tissue macrophages, they can be infected by HIV-1
and HIV-2, and by SIV in non-human primate models; their infection is CD4 dependent and
typically involves CCRS5, although CXCR4 and CCR3 have also been implicated [69,70].

Perivascular macrophages and microglia are the major HIV-1 producing cells in the CNS (Fig.
3)and their infection and activation is heavily involved in the pathogenesis of HIVV-1-associated
dementia (HAD) [68,71]. However, some controversy exists over their relative contribution to
disease, as these cells cannot be easily distinguished from each other. A number of surface
markers have been proposed for their identification; CD14 and CD45 have been reported as
markers present on macrophages and not on microglia [72], however after activation microglia
appear to upregulate these molecules [73]. Localization within the brain has been used as a
surrogate marker for their identification. Perivascular macrophages are found in the
parenchymal side of the blood-brain barrier surrounding the blood vessels while microglia
(also referred to as parenchymal microglia) are found dispersed throughout the brain.
Meningeal macrophages are located in the meninges, while choroids plexus macrophages are
present at the interface between blood and the cerebrospinal fluid; considerably less
information is available on the contribution of these cells to the viral load of the CNS and the
pathogenesis of HAD [74-77].

The turnover rate of each of the macrophage and microglial cell populations of the CNS varies
and their role in the spread and persistence of the virus depends upon it. Meningeal

macrophages have a short turnover rate and are rapidly replaced by monocytes originating from
the bone marrow. Perivascular macrophages and macrophages of the choroid-plexus are also
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replaced by cells of bone marrow origin, but at a slower rate [78,79]. Repopulation of
perivascular macrophages is thought to be the mechanism primarily responsible for the
dissemination of HIV-1 from the peripheral blood to the CNS, a hypothesis often referred to
as the “Trojan horse” mechanism. The opposite process is also assumed possible; perivascular
macrophages are able to sample antigens and leave the CNS, potentially harboring HIV, and
travel from the perivascular space to the cerebrospinal fluid, and subsequently to the
subarachnoid space, to end up in the draining lymph nodes [80,81]. Trafficking of perivascular
macrophages back into the lymph nodes could be involved in reseeding of the periphery with
viruses that have been residing in the CNS.

On the other hand, microglia persist for much longer periods of time and are able to proliferate
in situ [82], therefore their role as viral reservoirs may be crucial. Limited repopulation of the
microglial compartment by cells originating from the bone marrow has been shown in rodents
and in humans, suggesting that, under physiologic conditions, microglial cells can survive
throughout the normal life span of humans [78,83]. It is believed that HIV-1 infection of the
microglial cell compartment can take place during acute HIV-1 infection when the viral load
is high, but replication of the virus is limited by the host immune response and a natural
resistance of these cells to HIV-1 infection [84,85]. However, as the immune response is
progressively weakened and the presence of proinflammatory stimuli increases, the virus is
able to reactivate from latency, and initiate new rounds of infection. At early stages of HIV-1
disease, only a few productively infected microglial cells can be found; however, during late
stage disease their numbers significantly increase [73].

A crucial role in promoting viral latency in microglia has been described for the transcription
factor CTIP2 through recruitment of HDAC1 or HDAC2 to the viral promoter and promoting
local deacetylation of histone 3 (H3) [86,87]. Furthermore, CTIP2 has been shown to be
associated with histone methyltransferase Suv39H1, which increases local H3 methylation and
creates a binding site for heterochromatin protein 1 (HP1). All these factors cooperatively
promote the formation of the heterochromatin environment and repress HIV-1 gene expression
in microglial cells [87].

Astrocytes are the most abundant cell type of the CNS. Their role is to establish and maintain
an optimal microenvironment for the nourishment and function of neurons. In doing so,
astrocytes participate in the maintenance of the BBB, in neuronal repair, and in a bidirectional
communication with neurons. Additionally, astrocytes participate in the immune defense,
particularly in the presence of inflammation, during which they can be induced to secrete
immune active molecules and upregulate receptors that facilitate interaction with cells of the
immune system [88].

Viral entry appears to be a limiting step in HIV-1 infection of astrocytes; however, once the
virus has entered an astrocyte it has been shown to be able to establish a persistent infection
[89,90]. The extent and nature of astrocyte infection by HIV-1 has been under investigation
for a number of years. HIV-1 DNA and RNA are often found in astrocytes of postmortem brain
tissues of acquired immunodeficiency syndrome (AIDS) patients, indicating that this cell type
can be infected by HIV-1 [91,92]. However, viral proteins, other than Nef, are rarely detected,
suggesting that HIV-1 infection of astrocytes is non-productive or persistent in nature and likely
does not lead to considerable virus production in vivo [93]. Astrocytes express several
chemokine receptors, including CCR5 and CXCR4 [94], however CD4 expression has not
been shown in astrocytes and CD4 blocking antibodies do not inhibit infection of astrocytes
[95-97]. A number of surface molecules have been proposed as potential HIV-1 receptors, such
as the mannose receptor [98], however, the in vivo significance has not been conclusively
proven.
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In vitro HIV-1 infection has been shown in a number of glioblastoma and astrocytoma cell
lines as well as in primary fetal tissue-derived astrocytes. Typically, astrocyte cultures exposed
to HIV-1 show initial transient virus production in a subpopulation of cells [99] and virus
production peaks at around day 2-7 post infection [100]. After the initial acute infection period,
HIV-1 production decreases to very low or undetectable levels and persistent infection of
HIV-1 is established. Persistently infected astrocytes are capable of transmitting the virus to
both monocytic cell lines and to T cell lines [96,101-103]. Importantly, the virus that is
transmitted from astrocytes can give rise to fully productive infection, further supporting the
notion that astrocytes can be a source of persistence and dissemination of virus in the brain.
Moreover, studies have shown reactivation of virus from latently infected astrocytes, following
stimulation with tumor necrosis factor (TNF)-a and I1L-1p [104,105]. TNF-a has also been
shown to stimulate reactivation from latency in brain-derived progenitor cells, suggesting that
a pluripotent cell could also serve as a reservoir [106]. Pretreatment of astrocytes with
interferon (IFN)-y has similarly been reported to prime astrocytes for productive HIV-1
infection while granulocyte-macrophage colony stimulating factor (GM-CSF) and TNF-a. did
not [107]. IFN-y was shown to exert its effects through alleviating the inhibitory effect of the
transcription factor T cell factor-4 (TCF-4) [108,109]. An additional role of astrocytes in the
dissemination of HIV-1 has been recently suggested; HIV-1 uptake and release from astrocytes
may not require replication of the virus; instead the virus could be engulfed into vesicle-like
structures and subsequently be released and transmitted to CD4* T cells [110], similarly to
what has been suggested for dendritic cells (DCs) [111]. However, it is currently unknown if
such a mode of transmission from astrocytes takes place in vivo and for how long HIV-1 can
remain infectious when sequestered by astrocytes.

Dendritic Cells (DCs)

There are various types of DCs differing both in their maturation stage and their origin. DCs
are primarily classified as myeloid (MDCs) and plasmacytoid DCs (PDCs), both of which are
potent professional antigen presenting cells (APC) but vary in the expression of a number of
surface molecules and in some functional aspects. Both MDCs and PDCs can be infected with
HIV-1 although there are differences in their susceptibility to the various strains of HIV-1
[112,113].

DCs are crucial in the dissemination of HIV-1 following primary infection as experimental
results have suggested that they might be the first cell type to be infected after intravaginal
inoculation [114]. Following capture of virions at the primary site of infection, DCs mature
and migrate into the lymph nodes thus providing HIV-1 with access to an immense pool of
CD4* T cells. Importantly, MDCs and PDCs transfer HIV-1 preferentially to antigen-specific
CD4* T cells, undermining the development of an efficient immune response against HIV-1
[113].

DCs participate in the transmission of HIV-1 in two ways; by being infected and transmitting
newly synthesized virus (cis-infection) or by harboring and transporting infectious virus
without being infected themselves (trans-infection) [115]. Dendritic cell-specific intercellular
adhesion molecule 3-grabbing nonintegrin (DC-SIGN) has been shown to play a key role in
trans-infection of DCs, by capturing and mediating internalization of virions in non-
degradative compartments within DCs where they can retain infectivity for a few days [111].
Trans-infection may be crucial in the dissemination of HIV-1, however, internalized virus most
likely represents a short-term reservoir of HIV-1 with limited contribution to the chronic
persistence of the virus. Recent results have suggested that infection of DCs is required for
transfer of the virus to CD4* T cells and this capability is maintained for periods of time greater
than 3 days [116,117].
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It remains an open question for how long infected DCs can survive and contribute to the pool
of virus production. In vitro studies imply that MDCs can survive and retain infectivity for
more than 45 days [118], however it is possible that their in vivo half-life is much shorter.
Earlier studies have suggested that epidermal Langerhans cells have a half life of about 15 days
[119], while DCs in mucosal tissues have a turnover rate of just 2-3 days [120]. Some additional
results arguing against a role of DCs as a long-term HIV-1 reservoir came from studies
involving individuals undergoing HAART; HIV-1 proviral DNA was undetectable in
peripheral blood DCs from patients with undetectable levels of viral RNA [121], suggesting
that these cells may not serve as a reservoir in individuals on virus-suppressive HAART.

Interestingly, activation does not seem to increase HIV-1 replication in infected DCs, as
observed with monocytes and T cells. On the contrary, immature DCs appear to be permissive
to HIV-1 while mature DCs are not and can only participate in trans-infection of T cells
[122]. These results were confirmed by a more recent study which showed that LPS-induced
maturation inhibits the ability of DCs to support HIV-1 replication, however, it was also shown
that the presence of activated T cells enhanced the ability of DCs to support viral replication
[123].

Follicular Dendritic Cells (FDCs)

FDCs are located in the B-cell follicles of secondary lymphoid organs and play a crucial role
in the maintenance of long-term CD4* T cell-mediated antibody responses [124]. FDCs are
capable of capturing antigen and preserving it on their cell surface in its natural conformation
for extended periods of time, similarly they are able to trap HIV-1 and become a reservoir for
the virus, although they are not productively infected [125]. Virus found on FDCs is bound by
antibodies [126], however it is still infectious; actually, it has been suggested that antibodies
are required for the maintenance of HIV-1 infectivity on FDCs [127]. Importantly, it has been
shown that FDCs can convert HIV-1 from a neutralized form into an infectious form even in
the presence of excess of neutralizing antibody [128].

In the asymptomatic phase of the infection, the pool of virions trapped on the surface of FDCs
is stable and exceeds the viral load in the infected cell by at least an order of magnitude, and
the load in plasma by a few orders of magnitude [129]. Studies in mice where no productive
HIV-1 infection can take place have shown that virus on FDCs can remain infectious for more
than 9 months, and have a half-life of about 2 months [130]. On the other hand, free virions in
the blood have a half-life of only about 6 hours [50], which emphasizes the significance of
FDCs as a long-term reservoir, especially when one considers that the lymphoid organs are the
primary site of HIV-1 replication [131] and replenishment of the pool of virions on the FDCs
has been shown to be possible even under HAART. Six weeks of HAART treatment appeared
to be capable of decreasing the viral load on FDCs by 3-4 orders of magnitude [132], however,
it remains uncertain whether this reservoir can be completely cleared or whether a small pool
of infectious virus remains trapped on FDCs and is being replenished even during periods of
aviremia.

Hematopoietic Progenitor Cells (HPCs)

Although there is extensive literature regarding the infection of HPCs, there is still considerable
controversy in this area of research. Several investigators have shown that sub-populations of
CD34" HPCs express CD4, CCRS5, and/or CXCR4 [133-138] and the receptor and coreceptor
expression correlates with the susceptibility of these cells to HIV-1 [139-143]. However,

studies investigating infection of very primitive HPC populations have failed to conclusively
show infection of these cells [144,145]. Detection of HIV-1-infected CD34* HPCs in vivo has
been possible for only a subpopulation of patients, ranging from 14 to 36% [146-149]. Despite
the limited infection of the HPC compartment by HIV-1, their role as a viral reservoir may be
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crucial due to their potential for proliferation and generation of infected cell lineages such as
monocytes that may spread the virus to immunoprivileged sites. Relevant to this hypothesis,
a recent study by Bailey et al. has suggested that most of the viral sequences in the plasma of
HIV-1-infected patients comes from a cell population with proliferating capacity which is
distinct from CD4+ T cells [150].

Other Potential Cellular Reservoirs

A small subpopulation of natural killer (NK) cells expresses CD4 on their surface and have
been reported to harbor HIV-1 DNA for prolonged periods of time in patients undergoing
HAART [151]. However, other studies have failed to detect infected NK cells in a similar
population of patients [152] and it is questionable whether these cells contribute to the latent
HIV-1 reservoir.

Mast cells express CCR5 and CXCR4 as well as low levels of CD4 and it has been shown that
they can be infected when they circulate as immature cells in the blood [153,154]. Most
importantly, it has been shown that Toll-like receptor signaling can reactivate HIV-1
replication in latently infected mast cells [155], which may serve as an inducible HIV-1
reservoir (Fig. 4).

Neurons and oligodendrocytes have been reported to be infected with HIV-1. However, there
are also several reports that have failed to identify HIV-1 nucleic acids in both of these cell
types of the CNS, and it generally believed that if HIV-1 is able to enter these cells it is not
able to replicate; reviewed in [100].

Efforts Towards the Eradication of HIV-1 Reservoirs

Although the introduction of HAART has considerably prolonged the survival and improved
the quality of life of HIVV-1-infected patients, eradication of the virus has, so far, not been
possible. Initial optimistic estimations suggesting that eradication may be achieved during 2-3
years of HAART [50] have been followed by the realization that 60 or more years of successful
HAART may be required to completely eliminate HIV-1 from an infected individual [156],
which obviously emphasizes the need for new approaches to achieve HIV-1 eradication.
Several strategies have been proposed that may lead to this goal including structured treatment
interruption (STI) and immune activation, which may be combined with intensification of
HAART.

STl is based on the hypothesis that HAART interruption may boost HIV-specific immunity,
through controlled exposure to autologous virus over limited time periods. It was assumed that
following several interruptions that the immune response would be reinforced to the extent of
being able to control viral replication in the absence of HAART [157]. Although a significant
amount of knowledge has been gained, ST clinical trials have not been successful in decreasing
the size of latently infected cell pool and have been associated with worse clinical outcomes
than continuous therapy [158-162].

Immune activation therapy aims to drive resting CD4" T cells out of latency, and may be
combined with intensification of HAART to protect uninfected cells from the potential increase
in viral load during immune activation. Numerous CD4* T cell activating agents have been
used in clinical trials including IL-2 [163,164], OKT-3 [165,166], and valproic acid [167,
168], while IL-7 has also been suggested [169]. Hydroxyurea usually in combination with
didanosine [170,171], and enfuvirtide [167,168] have been used to intensify HAART.
Although evidence exists for a decrease in the infected CD4* T cell pool, following
discontinuation of therapy, plasma virus rebounded in all cases. In addition, toxicity associated
with these HAART intensification protocols is often a limiting factor in implementing these
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treatments. Since the observed decrease in the infected CD4* T cell pool has been viewed as
a partial success, efforts are currently directed towards improving immune activation and
intensification protocols.

A critical question in the field of HIV-1 latency is whether a low level replication continuously
replenishes the viral reservoir or whether the longevity of the latently infected cells is
responsible for the stability of the reservoir. Currently, neither possibility can be excluded, and
while the increased decay rate of the viral reservoir observed in some HAART intensification
studies suggests ongoing replication [172,173], the absence of viral evolution in patients
undergoing successful HAART therapy supports the notion that the reservoir is intrinsically
stable [174,175]. Approaches to generate new antiviral agents, including ones that would be
more effective in the reservoirs of the CNS, which would be added to the current HAART
regimens [176] could only be successful if the “ongoing replication” hypothesis is true. On the
contrary, if the “intrinsic stability” hypothesis is true, inducing reactivation of the virus from
the latently infected cells would be a more suitable approach. However, in order to eradicate
HIV-1, reactivation from all of the potential cellular reservoirs would need to be addressed.
Immune activation therapies have, so far, been directed primarily towards driving resting
CD4* T cells out of latency, while the monocyte-macrophage and other reservoirs have largely
been neglected. Additional strategies to target silent HIV-1 proviral DNA within the context
of cellular chromatin are under investigation.

The development of technology such as RNA interference [177] to irreversibly silence the viral
promoter within the cells of any HIV-1 reservoir would circumvent the need for activation of
viral gene expression and the toxicities associated with cellular activation and HAART
intensification protocols in order to clear proviral DNA from any distinct cellular reservoir.
Although these experimental directions are worth pursuit, their clinical application is
complicated by issues pertaining to specificity and delivery. The use of padlock probes may
also be of value in silencing the promoter within the context of the integrated provirus [178].
Tissue-specific drug delivery methods are also being explored, and are particularly interesting
when addressing purging of HIV-1 from a restricted anatomical reservoir such as the CNS
[179]. Additionally, gene therapy, potentially targeting HPCs [180], is a novel strategy that
could, in the future, have an important role in treating HIV-1 infection, however, currently is
not ready to be put in clinical practice.
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Fig. (1). Activation of integrated HIV-1 LTR

Integration of HIV-1 DNA into heterochromatin may suppress viral gene expression (A).
Several stimuli, including TCR engagement in CD4+ T cells (B), and proinflammatory
cytokine stimulation in monocyte-macrophages (C), induce signaling cascades that may
ultimately lead to changes in the nuclear transcription factor milieu. Although available and
induced transcription factors may differ between CD4" T cells and cells of the monocyte-
macrophage lineage, in both cases they facilitate histone methylation and acetylation that may
promote conversion of heterochromatin to euchromatin. Cumulatively, these changes may
allow viral gene expression and emergence from latency (D).
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Fig. (2). Cellular HIV-1 reservoirs in the lymph nodes
Lymph nodes are a site of pronounced viral production. The majority of virions are being

produced by activated T cells but DCs and resting T cells may also be infected. Interaction of
resting T cells with their autologous DCs or B cells, or with follicular dendritic cells may render
them permissive to HIV-1 infection.
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Fig. (3). Cellular HIV-1 reservoirs in the CNS
Perivascular macrophages and microglia are the major HIV-1 producing cells in the CNS.
HIV-1 infection of astrocytes is considered to be non-productive.
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Fig. (4). Cellular HIV-1 reservoirs in the blood
In addition to CD4+ T cells and monocytes, infected mast cells and potentially NK cells may
also be present in the blood of HIV-1-infected patients.
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