OPEN a ACCESS Freely available online

Review

PLOS

HIV-1 Infection of Bone Marrow Hematopoietic
Progenitor Cells and Their Role in Trafficking and Viral

Dissemination

Aikaterini Alexaki'?, Brian Wigdahl'-*

1 Department of Microbiology and Immunology, Drexel University College of Medicine, Philadelphia, Pennsylvania, United States of America, 2 Center for Molecular
Virology and Neuroimmunology and Center for Molecular Therapeutics and Resistance, Institute for Molecular Medicine and Infectious Disease, Drexel University College

of Medicine, Philadelphia, Pennsylvania, United States of America

Abstract: Patients with HIV-1 often present with a wide
range of hematopoietic abnormalities, some of which may
be due to the presence of opportunistic infections and to
therapeutic drug treatments. However, many of these
abnormalities are directly related to HIV-1 replication in
the bone marrow (BM). Although the most primitive
hematopoietic progenitor cells (HPCs) are resistant to HIV-
1 infection, once these cells begin to differentiate and
become committed HPCs they become increasingly
susceptible to HIV-1 infection and permissive to viral
gene expression and infectious virus production. Traffick-
ing of BM-derived HIV-1-infected monocytes has been
shown to be involved in the dissemination of HIV-1 into
the central nervous system (CNS), and it is possible that
HIV-1 replication in the BM and infection of BM HPCs may
be involved in the early steps leading to the development
of HIV-1-associated dementia (HAD) as an end result of
this cellular trafficking process. In addition, the growth
and development of HPCs in the BM of patients with HIV-
1 has also been shown to be impaired due to the
presence of HIV-1 proteins and changes in the cytokine
milieu, potentially leading to an altered maturation
process and to increased cell death within one or more
BM cell lineages. Changes in the growth and differenti-
ation process of HPCs may be involved in the generation
of monocyte populations that are more susceptible and/
or permissive to HIV-1, and have potentially altered
trafficking profiles to several organs, including the CNS.
A monocyte subpopulation with these features has been
shown to expand during the course of HIV-1 disease,
particularly in HAD patients, and is characterized by low
CD14 expression and the presence of cell surface CD16.

Introduction

The bone marrow (BM) is the site of hematopoiesis in humans.
The cellular components of the BM include fibroblasts, endothelial
cells, adipocytes, macrophages, osteoblasts, osteoclasts, reticular
cells, and mesenchymal stem cells (MSCs), which are collectively
called stromal cells [1], the megakaryocytes, and the hematopoi-
etic progenitor cells (HPCs) (Figure 1). HPCs consist of a
heterogeneous population of cells that includes the hematopoietic
stem cells (HSCs), which are the most primitive HPCs, capable of
producing of blood cell lineages. The loss of one or more
developmental potentials of the HSC results in an HPC committed
to any number of specific hematopoietic cell lineages. Besides the
loss of pluripotency, committed hematopoietic progenitors display
a number of characteristics that differ from their parents, including
the lack of capacity for self-renewal, a higher fraction of cells
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traversing the cell cycle, and a change in their surface protein
profile [2]. HSCs are able to give rise to common lymphoid
progenitors (CLPs) and common myeloid progenitors (CMPs).
Part of lymphoid progenitor differentiation, and particularly T cell
differentiation, occurs in the thymus. CLPs are capable of
differentiating into T cells, B cells, natural killer (NK) cells, and
plasmacytoid dendritic cell progenitors [3]. T cells and NK cell
progenitors also share a common progenitor often referred to as
the T/NK cell progenitor [4]. Myeloid progenitor differentiation
occurs exclusively in the BM. The CMPs, which are also referred
to as erythromyeloid progenitors, can differentiate into either
erythroid/megakaryopoietic progenitors or granulo/monocyte
progenitors. Further differentiation leads to commitment to a
single lineage such as red blood cell, megakaryocyte, granulocyte,
and monocyte-macrophage lineage [5]. Of these cell types, only
the megakaryocyte remains in the BM following maturation and
generates platelets by fragmentation of the exvaginations of their
membrane, while all others emigrate into the blood [2].
Leukopenias and dysplasias that may affect any of the
hematopoietic lineages are commonly observed within the
population of patients with HIV-1 [6-9], even in the absence of
opportunistic infections of the BM, neoplasias, or chemothera-
peutic treatment, clearly suggesting that HIV-1 infection is
associated with dysfunction within the process of hematopoiesis
and that these alterations may very well be due to the direct effects
of infectious virus and viral proteins in the BM. Numerous studies
have reported on a number of defects within the BM progenitor
cell populations in HIV/AIDS patients [10-18], while primitive
[13] and CD34"CD4" progenitor cells [11] have been shown to be
depleted in individuals with HIV-1 compared to healthy controls.
Studies with non-human primates infected with simian immuno-
deficiency virus (SIV) or simian-human immunodeficiency virus
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Figure 1. Cells of the BM Susceptible to HIV-1 Infection. The cellular components of the BM include HPCs at all stages of differentiation,
megakaryocytes, fibroblasts, endothelial cells, adipocytes, macrophages, osteoblasts, osteoclasts, and MSCs, while DCs, T cells, and B cells may also
migrate from the blood into the BM. A black arrow indicates the differentiation process from one cell type to another. A dashed black line indicates
that one or more intermediate cell types have been omitted from the respective differentiation process. A red line points to cells that are known to
be infected by HIV-1. A dashed red line points to cells that have been shown to be infected by HIV-1, but the extent of their infection and their role in

HIV-1 pathogenesis is questionable.
doi:10.1371/journal.ppat.1000215.g001

(SHIV) have generated similar results and have emphasized that
the suppression of myelopoiesis occurs early in the course of
retroviral disease and involves the most primitive CD34%
progenitor cells [17,18].

Mechanisms of HIV-1-Induced Myelosuppression

Direct infection of HPCs [19-23], mnability of stromal cells to
carry out their normal functions, toxic effects of HIV-1 proteins,
and changes in the cytokine milieu are the most plausible
mechanisms for the deleterious consequences of HIV-1 replication
in the BM (Figure 2). The BM stroma provides structure, cell-to-
cell interactions, and a complex network of inhibitory and
stimulatory cytokines that are crucial for the maintenance,
differentiation, and proliferation of HPCs. Changes in the BM
stromal structure have been observed in patients with HIV-1 and
are characterized by a decrease in the fibroblastic population
paralleled by an increase of macrophage-like cells [24]. Changes in
the clonogenic capacity of BM mesenchymal stem cells, which are
responsible for the generation of heterologous stromal lineages
including fibroblasts, have been shown [25] and may be
responsible for the altered cellular composition of the BM stroma.
It has also been suggested that BM microvascular endothelial cells
are involved in BM stromal impairment in individuals with HIV-1,
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exhibiting a decreased capacity to respond to regulatory signals
that would normally augment blood cell production [26]. Studies
using long-term BM cultures as the in vitro equivalent of the
hematopoietic microenvironment have also suggested that BM
stroma infected with HIV-1 is unable to support uninfected
CD34" progenitor cell expansion and differentiation as compared
to uninfected cultures [27-29].

A number of reports have indicated that heat-inactivated HIV-1
can induce effects on progenitor cells similar to those induced by
fully infectious virus [30,31]. This observation has prompted
investigators to look further into the possible effects of individual
HIV-1 proteins on hematopoiesis. Heat-inactivated HIV-1 and
cross-linked envelope glycoprotein gpl120 were shown to induce a
decrease in clonogenic capacity and induce apoptosis through a
Fas-dependent mechanism [32,33]. In contrast, an earlier study
had suggested that gpl60 may induce a T cell-mediated
stimulation of HPCs that could lead to hypercellularity in the
BM [34]. Moreover, the HIV-1 Gag protein has been shown to
suppress colony formation from HPCs [35], while Vpr was shown
to induce phagocytosis of cells in the BM by mononuclear
phagocytes, possibly contributing to the failure of HPC colonies to
expand [36].

Additionally, Tat has been shown to have a role in
myelosuppression through induction of the growth inhibitory
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Figure 2. Mechanism of HIV-1-Induced Myelosuppression. Several mechanisms may be involved in HIV-1-induced impairment of
hematopoiesis. (A) HPCs may be infected by HIV-1. (B) The interaction of HIV-1 proteins with HPCs may have a direct effect on hematopoiesis. (C) HIV-
1 may indirectly affect HPCs by interacting and/or infecting BM stromal cell populations, making them unable to support normal HPC functions. (D)
HIV-1 replication in the BM may lead to changes in the cytokine milieu, which may in turn profoundly impact HPC function.

doi:10.1371/journal.ppat.1000215.9002

cytokine TGF-B [37]. Blocking TGF-B in purified CD34"
peripheral blood cells that were exposed to HIV-1 either in vivo
or in vitro resulted in a significant improvement in their growth
and survival, suggesting a critical role for this cytokine in this
important biological process [32]. In agreement with these results,
a more recent study reported that gpl20 can lead to TGF-B1
upregulation in CD34" HPCs, and at the same time downregu-
lation of APRIL, a cytokine known to induce proliferation [31].
On the contrary, studies investigating TGF-B production within
the BM stroma failed to identify any differences in the absence or
presence of HIV-1 [26,30,38]. This observation points to the
inherent difficulty in examining the effect of individual proteins on
HPCs—that is, whether the extracellular concentration of HIV-1
proteins in the BM is enough to promote the same effects as
observed in vitro.

Several hematopoietic growth factors, as well as cytokines
associated with inflammation and immune activation, have been
investigated with respect to interference in HPC expansion. A role
for stem cell factor (SCF), granulocyte-macrophage-colony
stimulating factor (GM-CSF), and IL-3 has not been observed
[26,38], while an impairment in granulocyte—colony stimulating
factor (G-CSF) and IL-6 production from stromal cells has only
been shown following IL-lo stimulation [26]. IFN-oo and IL-4
have been reported to be responsible for part of the HIV-1-
induced myelosuppression observed in long-term BM cultures
[29]; however, results from other studies are in disagreement with
this result [26,30]. Previous studies have reported a decrease in IL-
2 production from BM stromal cells derived from patients with
HIV-1, but a direct correlation with HPC impairment has not
been demonstrated [24,39]. The proinflammatory cytokines TNF-
o, IL-1a, and IL-6, as well as the B-chemokines MIP-1a,, MIP-1,
and RANTES, have been reported to be upregulated in the BM of
patients with HIV-1 [24,25,39], while TNF-o involvement in
HIV-1-induced suppression of hematopoiesis has been shown in
neutralization studies [30,40]. SDF-1, the natural ligand for
CXCR4, is constitutively present in the BM [41], but there are no
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reports examining changes in SDF-1 expression in the BM of
patients with HIV-1. Nevertheless, SDF-1 has been shown to
regulate adhesion survival and proliferation of HPCs [42], and its
role in the HIV-1-infected BM warrants investigation, as it may be
involved in limiting infection by CXCR4-utilizing strains of HIV-
1.

HIV-1 Infection of Accessory Cells of the BM

Among the stromal cells, macrophages are the only, or the most
prominent, cell type that are productively infected with HIV-1 and
express viral antigens both in vivo [24] and in primary BM
cultures [43,44]. Importantly, macrophages in the BM were shown
to be susceptible to both macrophage tropic and T cell-tropic
strains of HIV-1, and to have a broader susceptibility to HIV-1
strains than blood-derived macrophages [44]. Consistent with the
human studies, results from SIV-infected macaques suggest that
macrophages are the primary target of SIV within the BM
compartment [45]. Eosinophils differentiated in vivo from BM
stromal cells, and BM fibroblasts, have been reported to be
permissive for HIV-1 [46,47]. However, these results have not
been confirmed by more recent reports, and contamination of the
cosinophils and fibroblast cultures with macrophages may have
contributed to the results observed in these studies. Limited
susceptibility of endothelial cells to HIV-1 has been demonstrated
in various systems, and BM microvascular endothelial cells devoid
of macrophages have been shown to be the predominant cells
infected in BM stromal cultures [26].

Megakaryocytes, as well as their precursors, express CD4 [6,48]
and CXCR4 [49,50], and several studies have shown that they are
permissive for HIV-1 infection [51-53]. Notably, in a more recent
study, in addition to CD4 and CXCR4, CCR5 was detected on
the surface of megakaryocytes, and infection of these cells with
both CCR5-tropic and CXCR4-tropic HIV-1 has been reported
[53]. It has been postulated that thrombocytopenia, which is a
very common finding in patients suffering from HIV disease, may
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be due to infection of megakaryocytes; however, in the absence of
productive infection, HIV-1 has been shown to negatively affect
the survival and maturation of HPCs towards megakaryocytes,
and it has been suggested that gp120-CD4 interaction may be
mediating the observed effect [31].

HIV-1 Infection of HPCs

The literature regarding susceptibility of BM stem cells and
HPCs to HIV-1 infection is extensive, and although it has been
almost 20 years since the first report of HPC infection [54], there is
still considerable controversy in this area of investigation. Early
studies have shown that CD#4 is expressed in 25%-65% of CD34*
BM cells, and these studies have estimated that the level of
expression is half of what has been observed in monocytes and
only 5% of the level reported on CD4" T cells [55,56]. Several
studies have confirmed these results and have also demonstrated
the presence of CXCR4 and CCR)5 on these cells. The results
have been rather consistent regardless of the source of CD34™ cells
or the state of differentiation, and whether or not mRNA or
protein levels were assessed [11,23,57-60]. The main difference
among these studies has concerned the level of CCRS expression,
which appears to vary depending on the state of differentiation of
the progenitor cell population [23].

Despite the detection of the HIV-1 receptor and coreceptors on
HPCs, in vitro studies designed to infect these cells with HIV-1
have generated conflicting observations. The first report to
describe HIV-1 infection of HPCs was able to detect infected
cells 1 to 2 months after virus exposure, when the cells had stopped
expressing HPC markers and had become lineage-specific cells
[54]. This study, although a landmark investigation, has been
challenged with respect to the purity of the initial CD34" BM
culture used to establish the infected cell population [6,61]. Later
studies that demonstrated HIV-1 infection of HPCs were also
performed with mixed CD34" populations prepared from the BM,
which included early progenitors along with some more
differentiated and lineage-committed CD34" cells [19,20]. HIV-
1 infection studies performed on peripheral blood-derived CD34*
cells generated similar results but also failed to address the purity
and differentiation state of the initial CD34" target cell population
[21]. To determine the major cell type in the mixed CD34" BM
population susceptible to HIV-1, cells were cloned in solid cultures
[22] and the presence of virus in colony-forming units (CFU) was
determined. Granulocyte-macrophage-CFU and to a lesser extent
erythroid-burst forming units were infected; however, granulcyte-
erythroid-macrophage-megacaryocyte-CFU were not, indicating
that some primitive HPCs, but not the multipotent HPCs, may be
susceptible to in vitro HIV-1 infection. When the AC133 marker
was used to purify the most primitive CD34% cells from cord
blood, infection with HIV-1 was not possible [62]. Similarly, the
CD38 marker has been used in some studies to define the
differentiation state of CD34" HPCs. CD38 is absent from the
early HPCs and appears as they differentiate, but before they start
expressing lineage-specific markers and downregulating CD34
expression [63]. Weichold et al. showed that CD34"/CD38" BM
cells were susceptible to both M-tropic HIV-1 and HIV-2, but
they were not able to conclusively demonstrate infection of the
more primitive CD34%/CD38™ cells with either type of virus [64].
However, an additional study has reported that both CD34"/
CD38" and CD34"/CD38™ cells were susceptible to HIV-1, and
that only the very early stem cells, which are metabolically inactive
and arrested at the Gy state, were resistant to HIV-1 [23].

Although in vitro HIV-1 infection of HPCs has been shown in a
number of studies, detection of HIV-1-infected HPCs in vivo has
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only been demonstrated within a subpopulation of patients. In
1990, von Laer et al. reported that only one in 14 patient samples
of BM-derived CD34" cells harbored proviral DNA [65].
However, the sensitivity of the PCR assay used in this study
may be questionable since in the same study HIV-1-specific
sequences were detected within the monocytes of two of the 14
patients. However, consistent with these observations, a highly
sensitive PCR assay that was shown to detect one copy of HIV-1 in
10% cells was used by Davis et al. to demonstrate the presence of
proviral DNA in BM-derived CD34" cells in only one out of 11
patients with HIV-1 [66]. Much higher frequencies of HIV-1
infection of CD34™ cells were reported within Zairian patients with
HIV disease (36.5%). In the same study, 14% of patients infected
with HIV-1 from the United States appeared to harbor viral
sequences in their CGD34" cell population [67], a frequency
marginally higher than that described in earlier reports. Higher
frequencies of viral infection within the BM CD34" cell
compartment have been reported in more recent studies, ranging
from 20% to 28% [14,61,68], possibly reflecting an improvement
in the sensitivity of the PCR assays used. Nevertheless, when
interpreting these studies, the purity of the CGD34" population
should be considered, given that the BM is highly vascular and it is
impossible to distinguish whether the virus is associated with
resident cells of the BM or with cells present in the vasculature.

Opverall, the spectrum of in vitro and in vivo studies points to the
fact that HIV-1 infection of the HPC compartment is limited in
extent. The refractile nature of this developing immune cell
precursor population, despite the expression of CD4, CCR)5, and
CXCR4, may be explained by a potential masking of the gp120
binding site. In fact, GCD34" HPCs have been shown to secrete the
CCR5 ligands MIP-1a, MIP-1B, and RANTES [69,70], and the
CXCR4 ligand SDF-1 [60], which may compete with infectious
HIV-1, either CCR5- or CXCR4-utilizing virus, and consequently
block infection.

The difficulty in detecting HIV-1-infected HPCs in vivo may
also be due to the limited time frame during which these cells
express progenitor cell markers following their infection with HIV-
1. A number of studies suggest that the HPCs that are susceptible
to HIV-1 are not the most primitive ones and they may already be
committed to a cell lineage. Infection of megakaryocyte progen-
itors [71] and mast cell progenitors [72,73] by HIV-1 has been
demonstrated, while conditions that induce differentiation towards
dendritic cells (DCs) [74] and monocytes have been shown to
promote infection of HPCs [20,57]. Therefore, it is likely that the
HPC that gets infected with HIV-1 can only undergo a limited
number of cell divisions and is destined to promptly lose its
progenitor surface markers. Moreover, HIV-1 infection of HPCs
may promote their differentiation and decrease the time frame in
which these cells may be identified as HPCs.

Indirect evidence that HPCs infected with HIV-1 can survive and
proliferate was derived from a study where a defective HIV-1
sequence had been integrated in the genome of both CD8* T cells
and granulocytes. Since the provirus was unable to guide multiple
rounds of infection, it was assumed that HIV-1 infection must have
occurred in a common progenitor of CD8" T cells and granulocytes
[75]. However, given the very small pool of HPCs that may be
infected with HIV-1, and possibly in only a limited number of
patients, it is often implied that HIV-1 infection of HPCs is
physiologically unimportant [61,65,66]. Radically contradicting this
line of thinking, a recent study argues that even one or two infection
events of a key cell population with proliferative capacity and long-
term persistence may be a crucial obstacle for eradication. Bailey et
al. demonstrated that in some patients with HIV-1 undergoing
successful highly active antiretroviral therapy (HAART) there are
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one or two predominant viral sequences in their plasma over
prolonged periods of time. These sequences differ from those
commonly found in CD4" T cells, and do not carry any known
resistance mutations, which suggests that the rare infection of a small
number of progenitor cells is the most likely explanation for the
observed residual viremia [76].

Trafficking of HIV-1-Infected Cells to and from the
BM

The BM, in addition to its role in the generation of all
hematopoietic cell lineages, is also a primary and a secondary
lymphoid organ, and therefore is a site for the continuous
mnteraction of immune cells, which provides an expanded
opportunity for the dissemination of HIV-1. The role of the BM
as a secondary lymphoid organ has been emphasized by recent
evidence indicating that the BM serves as a major reservoir of
central memory T cells [77] while it also recruits naive T cells [78]
and promotes antigen-presenting cell and T cell interaction
[79,80]. Importantly, it has been shown that CD4* T cells in
the blood of patients with HIV migrate to the BM at rates higher
than those in uninfected individuals, and that the enhanced
homing of these cells correlates with active HIV-1 replication [81].
Studies in the SIV-macaque model of HIV-1 infection have shown
dissemination of the virus into the BM within the first 2 weeks
following inoculation [82]. As CD4" T cells migrate into the BM,
they may provide a source of replicating virus and be responsible
for the initial dissemination of the virus into this anatomical
compartment. However, CD4" T cells are not the only possible
candidates for introduction of HIV-1 into the BM; DCs
emigrating from tissues into the peripheral circulation have been
shown to traffic to the BM, where they were retained and able to
interact with central memory T cells and trigger immune
responses [79]. Although possible, this route of DC trafficking
has not yet been shown in HIV-1 or SIV models; instead, DCs
have been shown to be infected with SIV in mucosal tissues and to
disseminate through the lymphatic circulation in the draining
lymph nodes [83,84]. In addition to cell-associated virus, cell-free
virus may also be involved in the dissemination of HIV-1 within
the BM compartment.

Once HIV-1 has established a productive infection in the BM,
opportunity for dissemination considerably increases since cells
originating from the BM, primarily monocytes, are able to travel
to all tissues. Monocytes may also emigrate from the BM
uninfected and become infected by HIV-1 during their circulation
in the blood. Considering the relative resistance of monocytes to
HIV-1, due to the expression of APOBEC3G [85], it is currently
unknown what is the relative contribution of monocyte and
monocyte progenitor infection to the pool of infected circulating
monocytes in patients with HIV-1. Lungs, gastrointestinal tract,
kidney, urogenital tract, primary and secondary lymphoid organs,
and the central nervous system (CNS) are some of the organs that
BM-derived monocytes will migrate into [86], and these
monocytes will differentiate toward tissue-specific macrophages
and DCs. Migration of HIV-1-infected monocytes into the lungs
may play an important role in the pathophysiology of pulmonary
disease [87]. Migration of infected cells of the monocyte-
macrophage lineage into the mucosal tissues of the gastrointestinal
tract or the urogenital tract is thought to play a critical role in viral
transmission [88]. However, the most profound impact of HIV-1-
infected monocyte trafficking is caused by their ability to cross the
blood-brain barrier and deliver HIV-1 into the CNS (Figure 3),
contributing not only to HIV-1-associated neurologic dysfunction
but also to the life-long persistence of HIV-1. A continuous
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repopulation of macrophages, and to a lesser extent microglia,
occurs in the uninfected CNS, and has been shown to be
considerably accelerated in cases of inflammation [89]. Studies in
rodents have shown that approximately 60%, 30%, and 1% of
meningeal macrophages, perivascular macrophages, and microg-
lia, respectively, are replaced by cells originating from the BM
within a 1-month period [90]. During the repopulation of
macrophages and microglia from BM-derived monocytes, some
of which may be infected with HIV-1, the virus gains access to the
CNS. In support of this model, an elegant study has recently
reported monocyte migration into the CNS in acute SIV infection
coupled with concurrent dissemination of the virus to this
compartment [91]. Although CD4" T cell trafficking in the
CNS also occurs, its contribution to the dissemination of HIV-1 in
the CNS has not been characterized. Interestingly, it has been
shown that the majority of viral sequences in the cerebrospinal
fluid are generated by short-lived cells, possibly CD4* T cells, that
have been infected inside the CNS [92], emphasizing that CD4" T
cells may have a role in viral dissemination inward but also
outward of the CNS. The possibility of cell-free virus or trafficking
into the CINS has not been excluded, but is considered of lesser
importance in the pathogenesis of HIV-1-associated CNS disease
[93-96].

Two main monocyte subsets have been described, the CD14"/
CD16  monocytes, which are the most prevalent, and the
CD14°¥/CD16% monocytes, which consist of approximately
5%—15% of circulating monocytes in healthy individuals. In a
number of pathologic conditions this monocyte population has
been shown to expand [97,98], and in patients with HIV-1, the
CD14°"/CD16" monocyte population may increase to as high as
40% of the total circulating monocyte population [99]. It is
unclear whether this expansion is due to the increased production
of CD14"°¥/CD16" monocytes in the BM or whether it occurs
after differentiation of the CD14"/CD16~ to CD14'*"/CDI16"
monocytes and represents a different state of maturation
[100,101]; in either case, this monocytic subset has been shown
to exhibit features that link it to the development of HIV-1-
associated CNS disease. Studies have shown that the CD14"/
CD16" monocytes have a more activated, proinflammatory
phenotype [102], and that they are increased in patients with
HIV-1-associated dementia (HAD) more than they are in non-
demented patients with HIV-1 [103]. Recently, the CD14"/
CD16" monocyte was shown to be more susceptible to HIV-1
entry and permissive to productive infection [104]. These cells are
thought to migrate more effectively to the CNS than the classical
CD14"/CD16~ monocytes and have been shown to accumulate
in perivascular regions of the brain, where they have also been
shown to colocalize with HIV-1-specific proteins [105,106].

Currently, there are no definitive direct observations demon-
strating that the monocytes migrating to the brain have been
infected with HIV-1 while they were in the BM, potentially as
monocyte progenitors, or whether infection occurred while in the
blood. However, HIV-1-specific sequences from the BM resemble
sequences from the deep white matter of the brain more than any
other tissue, suggesting direct HIV-1 trafficking from the BM into
the CNS [107], at least during the later stages of HIV-1 disease.
However, it is possible that HIV-1 infection in the BM, which
causes changes in the cytokine milieu as previously described,
impacts the maturation of HPCs towards the monocytic lineage,
resulting in the generation of a monocyte subset that is more prone
to migration into tissues and specifically into the CNS. This
monocyte subset, possibly represented by the CD14"/CDI16*
phenotype, is more susceptible to infection and becomes infected
by HIV-1 before it leaves the BM or shortly thereafter, thus

December 2008 | Volume 4 | Issue 12 | €1000215



Perivascular
Macrophage

Astrocyte @

( \

o

- Migrating
] ~ Monocyte

L]
L ]
/
0.
/ Committed

monocyte
progenitor

Dendritic cell
Stroma
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contributing to viral dissemination. Importantly, anemia [108], as
well as thrombocytopenia [109], has been shown to correlate
tightly with the development of HAD, suggesting that HIV-1-
induced pathogenesis of the BM may impact HAD progression.
Similarly, a recent report showing that BM diffusion rates
correlate with dementia severity [110] provides additional support
for the hypothesis that events in the BM may be associated with
the development of HAD [95].

Conclusions

The central role of the BM in the pathogenesis of HIV-1 is
highlighted by the wide spectrum of hematopoietic abnormalities

References
1. Allen TD, Dexter TM (1984) The essential cells of the hemopoietic

microenvironment. Exp Hematol 12: 517-521.

2. Lichtman MA, Beutler E, Kipps TJ, Seligsohn U, Kaushansky K, et al. (2006)
Williams Hematology: McGraw-Hill Companies, Inc.

3. Galy A, Travis M, Cen D, Chen B (1995) Human T, B, natural killer, and
dendritic cells arise from a common bone marrow progenitor cell subset.
Immunity 3: 459-473.

4. Ikawa T, Kawamoto H, Fujimoto S, Katsura Y (1999) Commitment of
common T/Natural killer (NK) progenitors to unipotent T and NK progenitors
in the murine fetal thymus revealed by a single progenitor assay. J Exp Med
190: 1617-1626.

5. Akashi K, Traver D, Miyamoto T, Weissman IL (2000) A clonogenic common
myeloid progenitor that gives rise to all myeloid lineages. Nature 404: 193-197.

6. Zauli G, Davis BR (1993) Role of HIV infection in the hematologic
manifestations of HIV seropositive subjects. Crit Rev Oncol Hematol 15:
271-283.

7. Roder W, Muller H, Muller WE, Merz H (1992) HIV infection in human
bone. J Bone Joint Surg Br 74: 179-180.

8. Moses A, Nelson J, Bagby GC Jr (1998) The influence of human
immunodeficiency virus-1 on hematopoiesis. Blood 91: 1479-1495.

9. Harbol AW, Liesveld JL, Simpson-Haidaris PJ, Abboud CN (1994)
Mechanisms of cytopenia in human immunodeficiency virus infection. Blood
Rev 8: 241-251.

10. Lunardi-Iskandar Y, Georgoulias V, Bertoli AM, Augery-Bourget Y, Ammar A,
et al. (1989) Impaired in-vitro proliferation of hemopoictic precursors in HIV-
I-infected subjects. Leuk Res 13: 573-581.

11. Banda NK, Simon GR, Sipple JD, Terrell KL, Archer P, et al. (1999)
Depletion of CD34+ CD4+ cells in bone marrow from HIV-1-infected
individuals. Biol Blood Marrow Transplant 5: 162-172.

12. Costantini A, Giuliodoro S, Mancini S, Butini L, Regnery CM, et al. (2006)
Impaired in-vitro growth of megakaryocytic colonies derived from CD34 cells
of HIV-1-infected patients with active viral replication. Aids 20: 1713-1720.

13. Marandin A, Katz A, Oksenhendler E, Tulliez M, Picard F, et al. (1996) Loss of
primitive hematopoietic progenitors in patients with human immunodeficiency
virus infection. Blood 88: 4568-4578.

14. Zauli G, Re MC, Davis B, Sen L, Visani G, et al. (1992) Impaired in vitro
growth of purified (CD34+) hematopoietic progenitors in human immunode-
ficiency virus-1 seropositive thrombocytopenic individuals. Blood 79:
2680-2687.

15. Louache F, Henri A, Bettaieb A, Oksenhendler E, Raguin G, et al. (1992) Role
of human immunodeficiency virus replication in defective in vitro growth of
hematopoietic progenitors. Blood 80: 2991-2999.

16. Zauli G, Vitale M, Re MC, Furlini G, Zamai L, et al. (1994) In vitro exposure
to human immunodeficiency virus type 1 induces apoptotic cell death of the
factor-dependent TF-1 hematopoietic cell line. Blood 83: 167-175.

17. Yamakami K, Honda M, Takei M, Ami Y, Kitamura N, et al. (2004) Early
bone marrow hematopoietic defect in simian/human immunodeficiency virus
C2/l-infected macaques and relevance to advance of disease. J Virol 78:
10906-10910.

18. Thiebot H, Louache F, Vaslin B, de Revel T, Neildez O, et al. (2001) Early and
persistent bone marrow hematopoiesis defect in simian/human immunodefi-
ciency virus-infected macaques despite efficient reduction of viremia by highly
active antiretroviral therapy during primary infection. J Virol 75:
11594-11602.

19. Steinberg HN, Crumpacker CS, Chatis PA (1991) In vitro suppression of
normal human bone marrow progenitor cells by human immunodeficiency
virus. J Virol 65: 1765-1769.

20. Kitano K, Abboud CN, Ryan DH, Quan SG, Baldwin GC, et al. (1991)
Macrophage-active colony-stimulating factors enhance human immunodefi-
ciency virus type 1 infection in bone marrow stem cells. Blood 77: 1699-1705.

21. Ruiz ME, Cicala C, Arthos J, Kinter A, Catanzaro AT, et al. (1998) Peripheral
blood-derived CD34+ progenitor cells: CXC chemokine receptor 4 and CC
chemokine receptor 5 expression and infection by HIV. J Immunol 161:
4169-4176.

@ PLoS Pathogens | www.plospathogens.org

observed in patients with HIV-1. It is has been questioned whether
any of these abnormalities are due to direct HIV-1 infection of
HPCs; however, collectively the data suggest that the presence and
replication of HIV-1 in the BM impact either directly or indirectly
the normal proliferation and differentiation of HPCs, resulting in
changes in the cell populations of the blood. The effect on the
generated monocytes may not be solely in numbers but also in
their migratory properties and in their susceptibility to HIV-1,
ultimately impacting the pathogenesis of AIDS and HAD.

22. Chelucci C, Hassan HJ, Locardi C, Bulgarini D, Pelosi E, et al. (1995) In vitro
human immunodeficiency virus-1 infection of purified hematopoietic progen-
itors in single-cell culture. Blood 85: 1181-1187.

23. Shen H, Cheng T, Preffer FI, Dombkowski D, Tomasson MH, et al. (1999)
Intrinsic human immunodeficiency virus type 1 resistance of hematopoietic
stem cells despite coreceptor expression. J Virol 73: 728-737.

24. Isgro A, Aiuti A, Mezzaroma I, Addesso M, Riva E, et al. (2002) Improvement
of interleukin 2 production, clonogenic capability and restoration of stromal cell
function in human immunodeficiency virus-type-1 patients after highly active
antiretroviral therapy. Br J Haematol 118: 864-874.

25. Wang L, Mondal D, La Russa VF, Agrawal KC (2002) Suppression of
clonogenic potential of human bone marrow mesenchymal stem cells by HIV
type 1: putative role of HIV type 1 tat protein and inflammatory cytokines.
AIDS Res Hum Retroviruses 18: 917-931.

26. Moses AV, Williams S, Heneveld ML, Strussenberg J, Rarick M, et al. (1996)
Human immunodeficiency virus infection of bone marrow endothelium
reduces induction of stromal hematopoietic growth factors. Blood 87: 919-925.

27. Bahner I, Kearns K, Coutinho S, Leonard EH, Kohn DB (1997) Infection of
human marrow stroma by human immunodeficiency virus-1 (HIV-1) is both
required and sufficient for HIV-1-induced hematopoietic suppression in vitro:
demonstration by gene modification of primary human stroma. Blood 90:
1787-1798.

28. Gill V, Shattock RJ, Scopes J, Hayes P, Freedman AR, et al. (1997) Human
immunodeficiency virus infection impairs hemopoiesis in long-term bone
marrow cultures: nonreversal by nucleoside analogues. J Infect Dis 176:
1510-1516.

29. Schwartz GN, Kessler SW, Szabo JM, Burrell LM, Francis ML (1995)
Negative regulators may mediate some of the inhibitory effects of HIV-1
infected stromal cell layers on erythropoiesis and myelopoiesis in human bone
marrow long term cultures. J Leukoc Biol 57: 948-955.

30. Maciejewski JP, Weichold FF, Young NS (1994) HIV-1 suppression of
hematopoiesis in vitro mediated by envelope glycoprotein and TNF-alpha.
J Immunol 153: 4303-4310.

31. Gibellini D, Vitone F, Buzzi M, Schiavone P, De Crignis E, et al. (2007) HIV-1
negatively affects the survival/maturation of cord blood CD34(+) hematopoi-
etic progenitor cells differentiated towards megakaryocytic lineage by HIV-1
gp120/CD4 membrane interaction. J Cell Physiol 210: 315-324.

32. Zauli G, Vitale M, Gibellini D, Capitani S (1996) Inhibition of purified CD34+
hematopoietic progenitor cells by human immunodeficiency virus 1 or gp120
mediated by endogenous transforming growth factor beta 1. ] Exp Med 183:
99-108.

33. Banda NK, Tomczak JA, Shpall EJ, Sipple J, Akkina RK, et al. (1997) HIV-
gp120 induced cell death in hematopoietic progenitor CD34+ cells. Apoptosis
2: 61-68.

34. Sugiura K, Oyaizu N, Pahwa R, Kalyanaraman VS, Pahwa S (1992) Effect of
human immunodeficiency virus-1 envelope glycoprotein on in vitro hemato-
poiesis of umbilical cord blood. Blood 80: 1463-1469.

35. Rameshwar P, Denny TN, Gascon P (1996) Enhanced HIV-1 activity in bone
marrow can lead to myelopoietic suppression partially contributed by gag p24.
J Immunol 157: 4244-4250.

36. Kulkosky J, Laptev A, Shetty S, Srinivasan A, BouHamdan M, et al. (1999)
Human immunodeficiency virus type 1 Vpr alters bone marrow cell function.
Blood 93: 1906-1915.

37. Zauli G, Davis BR, Re MC, Visani G, Furlini G, et al. (1992) tat protein
stimulates production of transforming growth factor-beta 1 by marrow
macrophages: a potential mechanism for human immunodeficiency virus-1-
induced hematopoietic suppression. Blood 80: 3036-3043.

38. Marandin A, Canque B, Coulombel L, Gluckman JC, Vainchenker W, et al.
(1995) In vitro infection of bone marrow-adherent cells by human
immunodeficiency virus type 1 (HIV-1) does not alter their ability to support
hematopoiesis. Virology 213: 245-248.

39. Isgro A, Aiuti A, Leti W, Gramiccioni C, Esposito A, et al. (2005)
Immunodysregulation of HIV disease at bone marrow level. Autoimmun

Rev 4: 486-490.

December 2008 | Volume 4 | Issue 12 | €1000215



40.

41.

42.

44.

45.

46.

47.

48.

49.

50.

51,

52.

53.

54.

55.

56.

57.

59.

60.

61.

62.

64.

65.

Yurasov SV, Pettoello-Mantovani M, Raker CA, Goldstein H (1999) HIV type
1 infection of human fetal bone marrow cells induces apoptotic changes in
hematopoietic precursor cells and suppresses their in vitro differentiation and
capacity to engraft SCID mice. AIDS Res Hum Retroviruses 15: 1639-1652.
Pelus LM, Horowitz D, Cooper SC, King AG (2002) Peripheral blood stem cell
mobilization. A role for CXC chemokines. Crit Rev Oncol Hematol 43:
257-275.

Nervi B, Link DC, DiPersio JF (2006) Cytokines and hematopoietic stem cell
mobilization. J Cell Biochem 99: 690-705.

. Canque B, Marandin A, Rosenzwajg M, Louache F, Vainchenker W, et al.

(1995) Susceptibility of human bone marrow stromal cells to human
immunodeficiency virus (HIV). Virology 208: 779-783.

Gill V, Shattock RJ, Freeman AR, Robinson G, Griffin GE, et al. (1996)
Macrophages are the major target cell for HIV infection in long-term marrow
culture and demonstrate dual susceptibility to lymphocytotropic and mono-
cytotropic strains of HIV-1. Br J Haematol 93: 30-37.

Kitagawa M, Lackner AA, Martfeld DJ, Gardner MB, Dandekar S (1991)
Simian immunodeficiency virus infection of macaque bone marrow macro-
phages correlates with disease progression in vivo. Am J Pathol 138: 921-930.
Freedman AR, Gibson FM, Fleming SC, Spry CJ, Griffin GE (1991) Human
immunodeficiency virus infection of eosinophils in human bone marrow
cultures. J Exp Med 174: 1661-1664.

Scadden DT, Zeira M, Woon A, Wang Z, Schieve L, et al. (1990) Human
immunodeficiency virus infection of human bone marrow stromal fibroblasts.
Blood 76: 317-322.

Kouri YH, Borkowsky W, Nardi M, Karpatkin S, Basch RS (1993) Human
megakaryocytes have a CD4 molecule capable of binding human immunode-
ficiency virus-1. Blood 81: 2664-2670.

Riviere C, Subra F, Cohen-Solal K, Cordette-Lagarde V, Letestu R, et al.
(1999) Phenotypic and functional evidence for the expression of CXCR4%4
receptor during megakaryocytopoiesis. Blood 93: 1511-1523.

Kowalska MA, Ratajczak J, Hoxie J, Brass LF, Gewirtz A, et al. (1999)
Megakaryocyte precursors, megakaryocytes and platelets express the HIV co-
receptor CXCR4 on their surface: determination of response to stromal-
derived factor-1 by megakaryocytes and platelets. Br ] Haematol 104: 220-229.
Zucker-Franklin D, Seremetis S, Zheng ZY (1990) Internalization of human
immunodeficiency virus type I and other retroviruses by megakaryocytes and
platelets. Blood 75: 1920-1923.

Zucker-Franklin D, Cao YZ (1989) Megakaryocytes of human immunodefi-
ciency virus-infected individuals express viral RNA. Proc Natl Acad Sci U S A
86: 5595-5599.

Voulgaropoulou F, Pontow SE, Ratner L (2000) Productive infection of
CD34+-cell-derived megakaryocytes by X4 and R5 HIV-1 isolates. Virology
269: 78-85.

Folks TM, Kessler SW, Orenstein JM, Justement JS, Jaffe ES, et al. (1988)
Infection and replication of HIV-1 in purified progenitor cells of normal
human bone marrow. Science 242: 919-922.

Zauli G, Furlini G, Vitale M, Re MC, Gibellini D, et al. (1994) A subset of
human CD34+ hematopoietic progenitors express low levels of CD4, the high-
affinity receptor for human immunodeficiency virus-type 1. Blood 84:
1896-1905.

Louache F, Debili N, Marandin A, Coulombel L, Vainchenker W (1994)
Expression of CD4 by human hematopoicetic progenitors. Blood 84:
3344-3355.

Carr JM, Ramshaw HS, Li P, Burrell CJ (1998) CD34+ cells and their
derivatives contain mRNA for CD4 and human immunodeficiency virus (HIV)
co-receptors and are susceptible to infection with M- and T-tropic HIV. J Gen
Virol 79 (Pt 1): 71-75.

. Deichmann M, Kronenwett R, Haas R (1997) Expression of the human

immunodeficiency virus type-1 coreceptors CXCR-4 (fusin, LESTR) and
CKR-5 in CD34+ hematopoietic progenitor cells. Blood 89: 3522-3528.
Nicholls SE, Lucas G, Graham GJ, Russell NH, Mottram R, et al. (1999)
Macrophage-inflammatory protein-lalpha receptor expression on normal and
chronic myeloid leukemia CD34+ cells. ] Immunol 162: 6191-6199.

Aiuti A, Turchetto L, Cota M, Cipponi A, Brambilla A, et al. (1999) Human
CD34(+) cells express CXCR4 and its ligand stromal cell-derived factor-1.
Implications for infection by T-cell tropic human immunodeficiency virus.
Blood 94: 62-73.

Neal TF, Holland HK, Baum CM, Villinger F, Ansari AA, et al. (1995) CD34+
progenitor cells from asymptomatic patients are not a major reservoir for
human immunodeficiency virus-1. Blood 86: 1749-1756.

Hariharan D, Li Y, Campbell DE, Douglas SD, Starr SE, et al. (1999) Human
immunodeficiency virus infection of human placental cord blood
CD34+AC133+ stem cells and their progeny. AIDS Res Hum Retroviruses
15: 1545-1552.

. Deaglio S, Mehta K, Malavasi F (2001) Human CD38: a (r)evolutionary story

of enzymes and receptors. Leuk Res 25: 1-12.

Weichold FF, Zella D, Barabitskaja O, Maciejewski JP, Dunn DE, et al. (1998)
Neither human immunodeficiency virus-1 (HIV-1) nor HIV-2 infects most-
primitive human hematopoietic stem cells as assessed in long-term bone
marrow cultures. Blood 91: 907-915.

von Laer D, Hufert FT, Fenner TE, Schwander S, Dietrich M, et al. (1990)
CD34+ hematopoietic progenitor cells are not a major reservoir of the human
immunodeficiency virus. Blood 76: 1281-1286.

@ PLoS Pathogens | www.plospathogens.org

66.

67.

68.

69.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Davis BR, Schwartz DH, Marx JC, Johnson CE, Berry JM, et al. (1991) Absent
or rare human immunodeficiency virus infection of bone marrow stem/
progenitor cells in vivo. J Virol 65: 1985-1990.

Stanley SK, Kessler SW, Justement JS, Schnittman SM, Greenhouse ]J, et al.
(1992) CD34+ bone marrow cells are infected with HIV in a subset of
seropositive individuals. J Immunol 149: 689-697.

Slobod KS, Bennett TA, Freiden PJ, Kechli AM, Howlett N, et al. (1996)
Mobilization of CD34+ progenitor cells by granulocyte colony-stimulating
factor in human immunodeficiency virus type l-infected adults. Blood 88:
3329-3335.

Majka M, Rozmyslowicz T, Ratajczak J, Dobrowsky A, Pietrzkowski Z, et al.
(2000) The limited infectability by R5 HIV of CD34(+) cells from thymus, cord,
and peripheral blood and bone marrow is explained by their ability to produce
beta-chemokines. Exp Hematol 28: 1334-1342.

. Majka M, Rozmyslowicz T, Lee B, Murphy SL, Pietrzkowski Z, et al. (1999)

Bone marrow CD34(+) cells and megakaryoblasts secrete beta-chemokines that
block infection of hematopoietic cells by M-tropic R5 HIV. J Clin Invest 104:
1739-1749.

. Chelucci C, Federico M, Guerriero R, Mattia G, Casella I, et al. (1998)

Productive human immunodeficiency virus-1 infection of purified megakaryo-
cytic progenitors/precursors and maturing megakaryocytes. Blood 91:
1225-1234.

. Sundstrom JB, Ellis JE, Hair GA, Kirshenbaum AS, Metcalfe DD, et al. (2007)

Human tissue mast cells are an inducible reservoir of persistent HIV infection.
Blood.

. Bannert N, Farzan M, Friend DS, Ochi H, Price KS, et al. (2001) Human Mast

cell progenitors can be infected by macrophagetropic human immunodefi-
ciency virus type 1 and retain virus with maturation in vitro. J Virol 75:
10808-10814.

. Wang H, English NJ, Reid CD, Merson JE, Knight SC (1999) Role of beta-

chemokines in HIV-1 infection of dendritic cells maturing from CD34+ stem
cells. ] Acquir Immune Defic Syndr 21: 179-188.

. Kaneda T, Murakami T, Hagiwara T, Hattori J, Yamamoto K, et al. (2001)

Defective HIV-1 provirus found in peripheral T lymphocytes and granulocytes
in an AIDS patient imply viral infection of progenitor cells. Aids 15: 939-940.
Bailey JR, Sedaghat AR, Kieffer T, Brennan T, Lee PK, et al. (2006) Residual
human immunodeficiency virus type 1 viremia in some patients on
antiretroviral therapy is dominated by a small number of invariant clones
rarely found in circulating CD4+ T cells. J Virol 80: 6441-6457.

Mazo IB, Honczarenko M, Leung H, Cavanagh LL, Bonasio R, et al. (2005)
Bone marrow is a major reservoir and site of recruitment for central memory
CD8+ T cells. Immunity 22: 259-270.

Feuerer M, Beckhove P, Garbi N, Mahnke Y, Limmer A, et al. (2003) Bone
marrow as a priming site for T-cell responses to blood-borne antigen. Nat Med
9: 1151-1157.

Cavanagh LL, Bonasio R, Mazo IB, Halin C, Cheng G, et al. (2005) Activation
of bone marrow-resident memory T cells by circulating, antigen-bearing
dendritic cells. Nat Immunol 6: 1029-1037.

Feuerer M, Beckhove P, Mahnke Y, Hommel M, Kyewski B, et al. (2004) Bone
marrow microenvironment facilitating dendritic cell: CD4 T cell interactions
and maintenance of CD4 memory. Int J Oncol 25: 867-876.

Chen JJ, Huang JC, Shirtliff M, Briscoe E, Ali S, et al. (2002) CD4 lymphocytes
in the blood of HIV(+) individuals migrate rapidly to lymph nodes and bone
marrow: support for homing theory of CD4 cell depletion. J Leukoc Biol 72:
271-278.

Mandell CP, Jain NC, Miller CJ, Dandekar S (1995) Bone marrow monocyte/
macrophages are an early cellular target of pathogenic and nonpathogenic
isolates of simian immunodeficiency virus (SIVmac) in rhesus macaques. Lab
Invest 72: 323-333.

Spira Al, Marx PA, Patterson BK, Mahoney J, Koup RA, et al. (1996) Cellular
targets of infection and route of viral dissemination after an intravaginal
inoculation of simian immunodeficiency virus into rhesus macaques. J Exp
Med 183: 215-225.

Hu J, Gardner MB, Miller CJ (2000) Simian immunodeficiency virus rapidly
penetrates the cervicovaginal mucosa after intravaginal inoculation and infects
intraepithelial dendritic cells. J Virol 74: 6087-6095.

Peng G, Greenwell-Wild T, Nares S, Jin W, Lei KJ, et al. (2007) Myeloid
differentiation and susceptibility to HIV-1 are linked to APOBEC3 expression.
Blood 110: 393-400.

Gorantla S, Dou H, Boska M, Destache CJ, Nelson J, et al. (2006) Quantitative
magnetic resonance and SPECT imaging for macrophage tissue migration and
nanoformulated drug delivery. J Leukoc Biol 80: 1165-1174.

Meltzer MS, Kornbluth RS, Hansen B, Dhawan S, Gendelman HE (1993)
HIV infection of the lung. Role of virus-infected macrophages in the
pathophysiology of pulmonary disease. Chest 103: 103S-108S.

Smith PD, Meng G, Salazar-Gonzalez JF, Shaw GM (2003) Macrophage HIV-
1 infection and the gastrointestinal tract reservoir. J Leukoc Biol 74: 642-649.
Williams K, Alvarez X, Lackner AA (2001) Central nervous system
perivascular cells are immunoregulatory cells that connect the CNS with the
peripheral immune system. Glia 36: 156-164.

Hickey WF, Vass K, Lassmann H (1992) Bone marrow-derived elements in the
central nervous system: an immunohistochemical and ultrastructural survey of
rat chimeras. J Neuropathol Exp Neurol 51: 246-256.

December 2008 | Volume 4 | Issue 12 | €1000215



91.

93.

94.

97.

98.

99.

100.

101.

Clay CC, Rodrigues DS, Ho YS, Fallert BA, Janatpour K, et al. (2007)
Neuroinvasion of fluorescein-positive monocytes in acute simian immunode-
ficiency virus infection. J Virol 81: 12040-12048.

. Harrington PR, Haas DW, Ritola K, Swanstrom R (2005) Compartmentalized

human immunodeficiency virus type 1 present in cerebrospinal fluid is
produced by short-lived cells. J Virol 79: 7959-7966.

Kim WK, Corey S, Alvarez X, Williams K (2003) Monocyte/macrophage
traffic in HIV and SIV encephalitis. ] Leukoc Biol 74: 650-656.

Maslin CL, Kedzierska K, Webster NL, Muller WA, Crowe SM (2005)
Transendothelial migration of monocytes: the underlying molecular mecha-
nisms and consequences of HIV-1 infection. Curr HIV Res 3: 303-317.

. Gartner S (2000) HIV infection and dementia. Science 287: 602-604.
. Crowe S, Zhu T, Muller WA (2003) The contribution of monocyte infection

and trafficking to viral persistence, and maintenance of the viral reservoir in
HIV infection. J Leukoc Biol 74: 635-641.

Fingerle G, Pforte A, Passlick B, Blumenstein M, Strobel M, et al. (1993) The
novel subset of CD14+/CD16+ blood monocytes is expanded in sepsis patients.
Blood 82: 3170-3176.

Iwahashi M, Yamamura M, Aita T, Okamoto A, Ueno A, et al. (2004)
Expression of Toll-like receptor 2 on CD16+ blood monocytes and synovial
tissue macrophages in rheumatoid arthritis. Arthritis Rheum 50: 1457-1467.

Thieblemont N, Weiss L, Sadeghi HM, Estcourt C, Haeffher-Cavaillon N
(1995) CDI14lowCDI16high: a cytokine-producing monocyte subset which
expands during human immunodeficiency virus infection. Eur J Immunol 25:
3418-3424.

Ziegler-Heitbrock HW, Fingerle G, Strobel M, Schraut W, Stelter F, et al.
(1993) The novel subset of CD14+/CD16+ blood monocytes exhibits features
of tissue macrophages. Eur J Immunol 23: 2053-2058.

Li G, Kim Y], Mantel C, Broxmeyer HE (2003) P-selectin enhances generation
of CD14+CD16+ dendritic-like cells and inhibits macrophage maturation from
human peripheral blood monocytes. J Immunol 171: 669-677.

@ PLoS Pathogens | www.plospathogens.org

102.

103.

104.

105.

106.

107.

108.

109.

110.

Pulliam L, Sun B, Rempel H (2004) Invasive chronic inflammatory monocyte
phenotype in subjects with high HIV-1 viral load. ] Neuroimmunol 157: 93-98.
Pulliam L, Gascon R, Stubblebine M, McGuire D, McGrath MS (1997)
Unique monocyte subset in patients with AIDS dementia. Lancet 349:
692-695.

Ellery PJ, Tippett E, Chiu YL, Paukovics G, Cameron PU, et al. (2007) The
CD16+ monocyte subset is more permissive to infection and preferentially
harbors HIV-1 in vivo. J] Immunol 178: 6581-6589.

Fischer-Smith T, Croul S, Adeniyi A, Rybicka K, Morgello S, et al. (2004)
Macrophage/microglial accumulation and proliferating cell nuclear antigen
expression in the central nervous system in human immunodeficiency virus
encephalopathy. Am ] Pathol 164: 2089-2099.

Fischer-Smith T, Croul S, Sverstiuk AE, Capini C, L'Heureux D, et al. (2001)
CNS invasion by CD14+/CD16+ peripheral blood-derived monocytes in HIV
dementia: perivascular accumulation and reservoir of HIV infection.
J Neurovirol 7: 528-541.

Liu Y, Tang XP, McArthur JC, Scott J, Gartner S (2000) Analysis of human
immunodeficiency virus type 1 gpl60 sequences from a patient with HIV
dementia: evidence for monocyte trafficking into brain. J Neurovirol 6 Suppl 1:
S70-81.

McArthur JC, Hoover DR, Bacellar H, Miller EN, Cohen BA, et al. (1993)
Dementia in AIDS patients: incidence and risk factors. Multicenter AIDS
Cohort Study. Neurology 43: 2245-2252.

Wachtman LM, Skolasky RL, Tarwater PM, Esposito D, Schifitto G, et al.
(2007) Platelet decline: an avenue for investigation into the pathogenesis of
human immunodeficiency virus -associated dementia. Arch Neurol 64:
1264-1272.

Ragin AB, Wu Y, Storey P, Cohen BA, Edelman RR, et al. (2006) Bone
marrow diffusion measures correlate with dementia severity in HIV patients.

AJNR Am J Neuroradiol 27: 589-592.

December 2008 | Volume 4 | Issue 12 | €1000215



