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ABSTRACT
Myeloid cells residing in the CNS and lymphoid tissues
are targets for productive HIV-1 replication, and their
infection contributes to the pathological manifestations
of HIV-1 infection. The Envs can adopt altered configu-
rations to overcome entry restrictions in macrophages
via a more efficient and/or altered mechanism of en-
gagement with cellular receptors. This review highlights
evidence supporting an important role for macro-
phages in HIV-1 pathogenesis and persistence, which
need to be considered for strategies aimed at achiev-
ing a functional or sterilizing cure. We also highlight that
the molecular mechanisms underlying HIV-1 tropism for
macrophages are complex, involving enhanced and/or
altered interactions with CD4, CCR5, and/or CXCR4,
and that the nature of these interactions may depend
on the anatomical location of the virus. J. Leukoc. Biol.
95: 71–81; 2014.

Introduction
HIV-1 infection of humans results in progressive destruction of
CD4� T cells, as well as chronic immune activation that causes
immune exhaustion and depletion of uninfected immune
cells. Together, these factors predispose the infected individ-
ual to opportunistic infections and cancers defining AIDS, as
well as inflammatory manifestations leading to organ dysfunc-
tion [1]. Despite the great successes of cART, treatment is re-
quired for life, as virus persists in long-lived, latently infected
resting memory CD4� T cells in blood and lymphoid tissues

(reviewed in refs. [2–7]). Long-lived persistent infection can
also be established in other cells, including naive T cells,
monocyte/macrophages, and astrocytes. Whereas macrophages
have a principal role in the neuropathogenesis of HIV-1 and
SIV infection [3, 7] and have been shown to be involved in
the systemic pathogenesis of SIV [8] and SHIV infection [9,
10], the role for macrophages in the systemic pathogenesis of
HIV-1 infection and as a barrier to eradication is less clear.
Contributing to this uncertainty is that the virus–cell interac-
tions permitting efficient HIV-1 entry into macrophages in
vitro, which define M-tropic phenotypes, are incompletely un-
derstood.

The importance of macrophages in HIV-1 infection has
been reviewed extensively recently [11]. In this review, we
highlight evidence that M-tropic HIV-1 variants contribute to
HIV-1 pathogenicity in the CNS and peripheral organs. We
also underscore that the tropism of HIV-1 for macrophages is
complex and is dependent on several divergent mechanisms
that depend on altered interactions between the viral Envs and
CD4 and/or either of the HIV-1 coreceptors CCR5 or CXCR4.
This review aims to clarify issues in the field regarding the role
of M-tropism and M-tropic viral strains in HIV-1 pathogenesis
and to highlight the knowns and unknowns about myeloid
cells as HIV-1 reservoirs.

MACROPHAGE LINEAGE CELLS AND
HIV-1 INFECTION IN VIVO

Wheras it is long established that actively turning-over CD4� T
cells in lymphoid tissues are the principal source of plasma
viremia during productive infection [12–14], and that latently
infected resting CD4� memory T cells are a principal reservoir
in the blood and lymphoid tissue during suppressive cART
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[15], the role of myeloid lineage cells in productive or latent
infection has been less clear.

Several studies have identified viral DNA in circulating
monocytes, albeit at lower levels than in T cells [16, 17], or
have described host cell proteins incorporated into virions,
suggesting monocyte/macrophage origin [18]. However,
monocytes are generally resistant to productive infection in
vitro [19], and monocytes remain in circulation for only a
short time before entering tissues and differentiating into mac-
rophages. In blood, the inflammatory CD16� monocytes ap-
pear to be preferentially infected compared with classical
CD14� monocytes [20]. However, infected monocytes do par-
ticipate in viral dissemination into tissues, especially virus
transport into the CNS [7, 21, 22].

In contrast to circulating monocytes, tissue macrophages
persist for prolonged periods of time, and in vitro, macro-
phages support robust virus production and are relatively resis-
tant to viral killing. In the absence of cART, tissue macro-
phages have been clearly identified as a major source of virus
production at sites of opportunistic coinfections [23, 24].
Whether macrophages contribute substantially to plasma
viremia during typical chronic-phase infection is less certain.
Early studies showed that the large, rapid drop in plasma
viremia upon initiating cART, ascribed to short-lived CD4� T
cells, was followed by a slower decay phase with a longer half-
life, which was thought to be a result of long-lived, infected
macrophages and DCs [13]. However, more recent studies
have shown a marked decrease or loss of the second-order de-
cay phase following cART that contains the integrase inhibitor
raltegravir, which argues against macrophages as a key source
of this virus and with mathematical modeling, suggests that T
cells containing unintegrated virus may contribute to this sec-
ond phase of decay [25, 26].

Important insights into the mechanisms regulating macro-
phage infection have been provided by simian models of
infection. In both humans infected with HIV-1 and rhesus
macaques infected with SIV, high-level plasma viremia per-
sists even during late-stage disease when virtually all circulat-
ing and tissue CD4� T cells have been lost. With the use of
a highly pathogenic SHIV strain, a previous study showed by
immunohistochemistry that in infected macaques with end-
stage disease, �95% of infected cells were tissue macro-
phages [9]. More recently, a CD4� T cell-depleted model of
SIV infection revealed the potential for extensive macro-
phage infection in vivo. Here, the investigators artificially
depleted CD4� T cells in macaques prior to SIVmac infec-
tion [8]. Whereas peak viral loads during acute infection
were similar in CD4� T cell-depleted and control animals,
there was no postpeak viral-load decline in CD4� T cell-de-
pleted animals as is seen normally. This phase of high-level
viremia was characterized by extensive tissue macrophage
infection. Thus, tissue macrophages outside of the CNS
have the capacity to serve as sites of high-level virus produc-
tion, at least under particular circumstances. Analysis of
these models suggests that macrophage infection develops
in settings where there is a paucity of CD4� T cells that se-
lects for viruses that can use/infect alternative cellular tar-
gets and a permissive immune environment that allows the

emergence of M-tropic variants. The highly activated nature
and rapid turnover of myeloid cells in this setting may also
contribute to permissiveness to infection [27] (reviewed in
ref. [28]). First, in the highly pathogenic SHIV infection
and the antibody-mediated CD4� T cell-depletion model,
macrophage infection does not occur until after CD4� T
cells are depleted [8, 9, 29]. Second, in the experimentally
CD4� T cell-depleted model, Env-specific antibody-binding
titers are reduced dramatically, and Envs, derived from the
plasma of these animals, are highly sensitive to neutraliza-
tion by mAb that are normally non-neutralizing against T
cell-tropic Envs and by heterologous SIV� plasma (but not
by autologous plasma from these animals that lack CD4� T
cells) [30]. An additional factor contributing to immune
control of macrophage infection may be direct antiviral ac-
tivity of CD4� T cells that is uniquely active in suppressing
virus in macrophages [31, 32]. Of note, macaque infection
with highly M-tropic SHIV in the absence of immune sup-
pression generally does not cause disease and results instead
in rapid disappearance of plasma viremia and induction of
neutralizing antibodies [33].

Some uncertainty remains about extrapolating the results
of SIV infection of nonhuman primates to HIV-1 infection
in humans with respect to macrophage infection. High-level
replication of SIV strains in macaque myeloid cells may be
facilitated by the presence of Vpx that can antagonize cellu-
lar restrictions to RT [34, 35], shown recently to be con-
ferred by SAMHD1 [36, 37]. In contrast, HIV-1 does not
express Vpx and therefore, cannot overcome the restriction
to replication in myeloid cells and resting CD4� T cells that
express SAMHD1 (reviewed in ref. [38]). On the other
hand, robust HIV-1 replication occurs in brain macrophages
and microglia (discussed further below), indicating that my-
eloid cells are not refractory to productive infection.

These experimental settings where M-tropic variants dom-
inate, as a result of limited CD4� T cell targets and an im-
munologically permissive environment, may mimic the mac-
rophage-dependent and immunologically privileged CNS
(discussed further below), as well as late-stage disease fol-
lowing extensive CD4� T cell depletion.

In contrast to systemic infection, productive infection within
the brain is an almost-exclusively myeloid-dependent process. Pa-
renchymal microglia (which are the resident macrophage lineage
cells of the brain) are long-lived, relatively fixed cells of the CNS,
whereas perivascular macrophages turn over slowly through re-
plenishment by blood monocytes. Both microglia and perivascu-
lar macrophages are infected by HIV-1, whereas CD4� T cells do
not contribute substantively to infection in the brain [39–41].
Whereas myeloid cells are also responsible for brain infection in
rhesus macaques infected with SIV, the pattern is somewhat dif-
ferent in that infection is largely restricted to perivascular macro-
phages [42]. Neurological damage in HIV-1-associated neurologi-
cal disorders results from soluble factors released by infected and
activated/uninfected macrophages and microglia, including small
molecule excitotoxic transmitters, cytokines and chemokines, and
viral proteins [41].
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ARE MACROPHAGE-LINEAGE CELLS A HIV-
1 RESERVOIR IN PATIENTS ON cART?

CNS infection and neurological complications can persist de-
spite effective cART, but it remains unclear if this is a direct
result of viral reservoirs in the CNS or altered immune regula-
tion and persistent immune activation. Given the paucity of
studies of tissue from the CNS from patients on suppressive
cART, this question has been difficult to answer. Interestingly,
only a minority of patients on cART has persistent, detectable
HIV-1 RNA in CSF [43], and those with detectable HIV-1 RNA
in CSF were more likely to be taking a regimen of cART with
poorer CNS penetration [43]. These data raise the possibility
that with an effective ART regimen with optimal CNS penetra-
tion, persistence of HIV-1 in brain may be rare.

HIV-1 infection of macrophages has been demonstrated in
liver within Kupffer cells, in lung within alveolar macrophages,
and in splenic macrophages [44–47]. However, there are no
studies that have systematically examined virus persistence in
macrophages at these sites in patients on cART. The use of
stringent controls to ensure that there is no T cell contamina-
tion of the clinical samples is critical when detecting low levels
of infection by PCR, and there are now elegant approaches to
do this by quantifying TCR mRNA in the sorted cell popula-
tions [16, 48, 49]. Although early studies demonstrated HIV-1
DNA and infectious virus in circulating monocytes [17, 50],
more recent work has challenged whether circulating mono-
cytes are truly a persistent reservoir in patients on cART [48].

Improved cART regimens that can effectively control SIV
replication now allow for some of these invasive tissue studies
to be performed in macaque models [51, 52]. Following effec-
tive control of RT-SHIV with cART, there was significant resid-
ual HIV-1 DNA and RNA in lymphoid tissue from LN, spleen,
and the GI tract [51]; however, specific sorting of T cells and
macrophages was not performed in this study. Similarly, the
role of the CNS as a reservoir on cART can now be evaluated
systematically using unique neuropathic strains of SIV [53].

HIV-1 ENTRY PATHWAYS

The HIV-1 Env is organized into trimers on virions and con-
sists of the gp120 surface and gp41 transmembrane subunits.
HIV-1 attachment to cells involves the interaction of the gp120
Env glycoproteins with cellular CD4 and a secondary corecep-
tor, which is usually one of the chemokine receptors CCR5 or
CXCR4 (reviewed in ref. [1]). HIV-1 may also incorporate cel-
lular adhesion molecules and/or interact with such molecules
on the cell surface to maximize the efficiency of receptor en-
gagement (reviewed in refs. [54, 55]). The initial binding of
gp120 to CD4 occurs with high-affinity [56] and triggers a con-
formational change in gp120 that exposes the coreceptor
binding site [57, 58]. Current models of gp120 binding to co-
receptor suggest that the gp120 V3 loop tip interacts princi-
pally with the ECL2 region, whereas the V3 loop stem and
gp120 bridging sheet interact with the coreceptor N-terminus
[59–62]. The V3 loop of gp120 is the primary (but not exclu-
sive) determinant of coreceptor specificity [63, 64]. The inter-
action of CD4-bound gp120 with coreceptor induces further

conformational changes to expose a fusion peptide within the
N-terminus of the viral gp41 transmembrane Env glycoprotein,
which facilitates fusion between the viral and cellular mem-
branes and release of the viral core into the cell.

In addition to CCR5 and CXCR4, certain other chemokine
receptors, such as CCR1, CCR2b, CCR3, CCR8, CX3CR1,
CXCR6, formylpeptide receptor 1, GPR1, GPR15, apelin recep-
tor, and D6, can act as alternative lentiviral coreceptors and
mediate entry of certain HIV-1, HIV-2, and SIV strains into
transfected cell lines [65–68]. Whereas alternative coreceptors
do not appear to have a broad role in mediating the entry of
HIV-1 into primary cells, a recent report described acute
HIV-1 infection with a variant that could not use CCR5 or
CXCR4 and used only GPR15 efficiently [69], which raises the
possibility for a larger potential role than currently recognized.
Wheres SIV does not normally use CXCR4, its alternative core-
ceptor use is typically much more robust and widespread than
for HIV-1. Recent studies identified a novel CCR5-null muta-
tion in sooty mangabeys that abrogated CCR5 expression but
did not prevent infection and evidence that nonpathogenic
SIV infection in this natural host in vivo is mediated through
CXCR6, GPR15, and GPR1 [70, 71]. Similarly, earlier studies
showed that rcm usually lack functional CCR5 and that CCR2b
was commonly used by SIVrcm strains [72]. These reports in-
dicate a role for alternative entry pathways in SIV natural host
infection, suggesting a potentially distinct range of target cells
in these hosts that may contribute to lack of pathogenesis.

HIV-1 CORECEPTOR SPECIFICITY,
M-TROPISM, AND DISEASE
PROGRESSION

The coreceptor specificity of HIV-1 strains is a principal deter-
minant of viral transmission and disease progression and is
also the central factor determining whether CCR5 antagonists
may be appropriate for treatment regimens (reviewed in ref.
[1]). Observations that individuals homozygous for the
CCR5�32 allele are largely protected from HIV-1 infection
[73, 74] and biological studies of recently transmitted HIV-1
strains [75, 76] indicate that R5 viruses are transmitted from
person to person and are dominant in the early and chronic
phases of HIV-1 infection. However, in up to 40–50% of indi-
viduals infected with HIV-1 subtype B, progression to late
stages of infection is associated with evolution of viral corecep-
tor specificity, with emergence of viral variants able to use X4
or R5X4 viruses [77, 78]. As CXCR4 is more widely expressed
on CD4� T cell subsets than CCR5, including naive T cells,
which may be critical for immune cell homeostasis (reviewed
in ref. [1]), and as most R5X4 viruses have preferential
CXCR4 use for HIV-1 entry into CD4� T cells [79, 80], the
broadened cell tropism of X4 and R5X4 viruses contributes to
more rapid disease progression in subjects who experience
broadened coreceptor use. Nonetheless, most individuals prog-
ress to late stages of disease, while exclusively harboring R5
viruses [81], including people infected with HIV-1 subtype C,
which evolves to use CXCR4 less frequently [82, 83] (reviewed
in ref. [84]). Whether disease progression and CD4� T cell
loss in the presence of only R5 strains reflect mainly cumula-
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tive damage of ongoing replication or indicate the emergence
of variants with increased pathogenicity is an important ques-
tion. However, recent studies have shown that compared with
R5 viruses isolated from subjects with chronic infection, R5
viruses isolated from subjects with AIDS tend to have increased
fitness, increased exposure of the CD4 binding domain in
gp120, increased ability to use low levels of CD4 and CCR5 for
entry, reduced sensitivity to inhibition by CCR5 antagonists,
and an increased ability to cause apoptosis of CD4� T cells
(reviewed in ref. [1]). Chronic R5 virus may also exhibit a
more flexible recognition of CCR5 compared with transmit-
ted/founder viruses [85, 86]. Importantly, our previous studies
and those of others have shown that the tropism of R5 HIV-1
strains for macrophages can be enhanced in pediatric subjects
and adults who progress to late stages of infection, while ex-
clusively harboring R5 viruses [87–89]. Together, these studies
suggest that late-stage R5 viruses may exhibit conformational
alterations in gp120 that augment the interaction with CD4
and/or CCR5 and modulation of M-tropism, which may reflect
enhancement of pathogenicity.

THE CORECEPTOR SPECIFICITY OF HIV-1
INFLUENCES BUT DOES NOT
DETERMINE CELLULAR TROPISM

The pathways used by HIV-1 for entry influence the viral tro-
pism for CD4� cell types (reviewed in refs. [81, 90]). M-tropic
viruses can infect macrophages and primary CD4� T cells and
usually use CCR5 for entry [91–93], whereas T cell line-tropic
viruses can infect primary CD4� T cells and T cell lines via
CXCR4 and typically infect macrophages poorly [94]. Dual-
tropic (R5X4) viruses can potentially infect macrophages, pri-
mary CD4� T cells, and T cell lines [95, 96].

There is, however, an important distinction between HIV-1
coreceptor specificity and cellular tropism [1]. Whereas most
M-tropic viruses use CCR5 for cellular entry, not all R5 viruses
are M-tropic [1, 97, 98]. In fact, recent studies suggest that
most R5 viruses isolated from blood and lymphoid tissues that
are capable of replicating in CD4� T cells are non-M-tropic
[86, 98–101], (with the principal bottleneck to macrophage
infection at the level of HIV-1 entry [102]), although M-tropic
R5 viruses can be detected in the blood of some subjects with
advanced infection [87–89]. On the other hand, most R5 vi-
ruses isolated from the CNS are highly M-tropic [99, 102–109],
suggesting that the CNS selects for viral variants that have
characteristics favorable for efficient entry into perivascular
macrophages and microglia or facilitates their evolution via a
unique microenvironment that may involve reduced immune
surveillance and low concentrations of anti-HIV-1-neutralizing
antibodies.

Adding an even greater level of complexity to the mecha-
nisms underlying M-tropism of HIV-1, a subset of highly M-
tropic HIV-1 strains enters macrophages efficiently via CXCR4
[102, 110–113]. Furthermore, the coreceptor preference of
R5X4 viruses for macrophages and primary CD4� T cells can
vary dramatically depending on the primary cell type and the
viral strain [79, 80, 110, 111, 114–116]. These studies illustrate
that the viral determinants underlying M-tropism of HIV-1 are

significantly more complex than the coreceptor specificity of
the HIV-1 Env glycoproteins per se.

Thus, “coreceptor specificity” and “cell tropism” are inter-
related but distinct features of a HIV-1 isolate. Despite a signif-
icant body of recent literature describing the complexity of
Env–receptor interactions underlying cellular tropism of HIV-1
(reviewed in refs. [1, 80, 90, 98]), the coreceptor specificity of
HIV-1, for example, which is inferred from phenotypic tests,
such as Trofile [117], and from gp120 V3 loop prediction al-
gorithms, such as Geno-2-Pheno [118], is still frequently but
incorrectly used synonymously with cellular tropism. For exam-
ple, R5 strains are often collectively grouped as M-tropic vi-
ruses [1]. The frequent reference to the Trofile assay and ge-
notypic prediction methods as “tropism” tests, rather than co-
receptor specificity tests (for example, refs. [119, 120]),
reflects a lack of precision in recognizing the distinctions be-
tween coreceptor use and target cell tropism. On the other
hand, coreceptor specificity per se is relevant to the clinical
question, for example, of whether a CCR5 antagonist may be
appropriate in a given patient.

M-TROPIC HIV-1 STRAINS DERIVED
FROM THE CNS FREQUENTLY EXHIBIT
REDUCED DEPENDENCE ON
CELL-SURFACE CD4 LEVELS

As non-M-tropic R5 HIV-1 variants enter macrophages ineffi-
ciently [102] and as macrophages express lower levels of CD4
on the cell surface compared with CD4� T cells [121–123],
several studies have investigated whether M-tropic R5 viruses
have adopted mechanisms to overcome entry restrictions im-
posed by limiting CD4 levels. Studies using HIV-1 entry assays
into cells expressing limiting CD4 levels have shown that M-
tropic R5 viruses derived from the CNS frequently exhibit re-
duced CD4 dependence and have undergone conformational
alterations within gp120 that promote the stabilization and/or
exposure of the CD4 binding domain [99, 100, 103–109, 124–
127]. These alterations are often strain-specific and include
changes in the V1, V2, C2, V3, C3, and V4 regions of gp120
(reviewed in ref. [98]). One particular amino acid variant that
occurs frequently in M-tropic R5 viruses derived from brain is
Asn283 within the C2 region of gp120 [104]. Here, biophysical
analysis showed that Asn283 reduces CD4 dependence and
permits efficient macrophage entry via the formation of an
additional hydrogen bond between gp120 and Gln40 of CD4,
which increases gp120-CD4 affinity by decreasing the gp120-
CD4 dissociation rate. Studies of single-molecule bond-force
spectroscopy and receptor mobility in living cells have demon-
strated that gp120-CD4 binding is relatively short-lived and
weak compared with gp120-CD4 complex binding to CCR5
and that CCR5 is more mobile in the cell membrane than
CD4 [128, 129]. Therefore, enhanced CD4 binding may not
only increase the capacity of gp120 to scavenge low levels of
CD4 on the macrophage surface, but also, it could potentially
permit the Env-CD4 complex to more readily colocalize with
CCR5, thus indirectly increasing the efficiency of CCR5 use.
Whereas there is abundant evidence for the former possibility
[98], the latter possibility is supported by some studies [87,

74 Journal of Leukocyte Biology Volume 95, January 2014 www.jleukbio.org



102, 130, 131] but not others [100] that have demonstrated
reduced CCR5 dependence by certain M-tropic viruses derived
from brain and blood.

As noted above, immune pressures are believed to be one
important factor that normally restrains the emergence of M-
tropic variants capable of using CCR5 in the presence of ex-
ceedingly low CD4 levels. It is long recognized that the re-
quirement for CD4 binding prior to CCR5 engagement ren-
ders Env more resistant to neutralization, in part, by occluding
conserved structures involved in CCR5 interactions [132–134]
and, in part, by maintaining the Env protein in a more struc-
turally constrained state that is less likely to assume a confor-
mation that will engage CCR5 or be structurally altered and
neutralized by antibodies [135]. In SIV-infected rhesus ma-
caques, antibodies develop that do not normally neutralize
virus but can neutralize if virus is first pretreated with soluble
CD4. In CD4� T cell-depleted macaques infected with SIV, in
which extensive macrophage infection develops, variants
emerge that are capable of using CCR5 with little or no CD4,
and these variants are highly sensitive to neutralization by
plasma from normal SIV-infected macaques even in the ab-
sence of soluble CD4 triggering [30]. The CD4� T cell-de-
pleted animals do not produce these antibodies, however,
which likely enables emergence of these variants that do not
require high levels of CD4 prior to CCR5 binding.

M-TROPIC HIV-1 STRAINS DERIVED
FROM BLOOD CAN EXHIBIT REDUCED
CCR5 DEPENDENCE

In addition to a possible indirect enhancement of CCR5 use
that may be secondary to increased gp120-CD4 affinity, several
recent studies of blood-derived M-tropic viruses have shown
that these viruses can exhibit an increased interaction between
gp120 and CCR5 [110, 131] and that reducing the affinity of
gp120 for CCR5 can attenuate CCR5-mediated M-tropism
[136].

Recent characterization of the properties of a panel of
gp120 proteins cloned from primary R5 HIV-1 isolates derived
from blood showed correlations between their infectivity levels
for macrophages and their ability to enter cells expressing very
low levels of CCR5 [131]. Here, the M-tropic gp120s had
greater exposure of CD4-induced epitopes that overlap the
coreceptor binding domain, suggesting greater CCR5 binding-
site exposure [131]; were less sensitive to inhibition by the
CCR5 antagonist MVC, suggesting a more efficient interaction
with CCR5 [131]; and exhibited reduced dependence on ele-
ments within the CCR5 N-terminus and increased dependence
on elements within the CCR5 ECL2 region, suggesting an al-
tered mechanism of gp120–CCR5 engagement [110, 131] (see
Fig. 1). Thus, the results from these studies suggest that an
enhanced and altered interaction between gp120 and CCR5
favoring the CCR5 ECL2 region may contribute to M-tropism
of blood-derived HIV-1 strains. Other studies showed that in-
creasing the expression levels of CCR5 on macrophages could
lead to restoration of efficient entry by certain non-M-tropic
blood-derived viruses but that CCR5 overexpression has no
effect on the entry of highly M-tropic viruses derived from the

blood of subjects with advanced disease, suggesting a threshold
level of CCR5 that is necessary for efficient macrophage entry
of blood-derived viruses [87].

The relationship between the efficiency of gp120–CCR5 en-
gagement and magnitude of M-tropism of blood-derived vi-
ruses can also be inferred from recent studies of HIV-1 resis-
tance to the CCR5 antagonist MVC [136]. Here, studies of a
MVC-resistant strain of HIV-1 that was generated in vitro
showed that use of MVC-occupied CCR5 by this virus was less
efficient than that of unoccupied CCR5 but that the ability to
interact with CD4 was unaffected by MVC. Whereas the MVC-
resistant variant could efficiently enter PBMC in the presence
of MVC, its M-tropic properties were abolished in the presence
of MVC as a result of a less-efficient interaction with CCR5.
Similar findings have been observed using primary MVC-resis-
tant viruses isolated from plasma of subjects who developed
resistance during Phase III clinical trials of MVC [137, 138].
Consistent with these observations, recent studies of HIV-1 re-
sistance to another CCR5 antagonist—APL—demonstrated
tropism alterations for CD4� T cell subsets by an APL-resistant
HIV-1 strain as a result of a less-efficient interaction with
CCR5, characterized by a tropism shift toward effector memory
T cells and relative sparing of central memory T cells [139].

Together, these studies indicate that a reduction in the effi-
ciency of the interaction between gp120 and CCR5 can attenu-
ate HIV-1 entry of blood-derived HIV-1 strains into primary
CD4� cells that have limiting CCR5 levels, including macro-
phages. Whereas reduced CD4 dependence appears to be the
dominant pathway to efficient macrophage entry by brain-de-
rived viruses, M-tropic viruses isolated from blood appear to
have distinctive gp120 conformations that alter CCR5 engage-
ment, in addition to altered interactions with CD4, to enter
macrophages efficiently.

ALTERED MECHANISMS OF Env–CCR5
ENGAGEMENT CONTRIBUTE TO
M-TROPISM OF BRAIN- AND
BLOOD-DERIVED HIV-1 STRAINS

Although there is an abundance of evidence to suggest that
reduced CD4 dependence is the major pathway to efficient
macrophage entry by CNS-derived M-tropic HIV-1 strains, al-
tered gp120–CCR5 interactions have been noted in some
[130] but not all studies of brain-derived R5 HIV-1 Envs [100].
A recent study showed that highly M-tropic HIV-1 Envs origi-
nating from brain-derived isolates exhibit an altered mecha-
nism of gp120–CCR5 engagement that occurs in tandem with
a highly efficient interaction with CD4 [109]. This altered
mechanism of gp120–CCR5 engagement was associated with
increased exposure of CD4-induced epitopes and could be
characterized by an increased dependence of gp120 on the
CCR5 N-terminus and an altered recognition of the CCR5
ECL1 and ECL2 regions (see Fig. 1) [109]. Interestingly, quan-
titative HIV-1 receptor profiling using the 293-Affinofile system
[140, 141] showed that this altered mechanism of gp120 en-
gagement with CCR5 was not more efficient than that of cor-
responding LN-derived R5 Envs that were non-M-tropic and
that did not exhibit increased dependence on the CCR5 N-ter-
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minus. These phenotypes of M-tropic R5 Envs derived from
the brain, namely the increased dependence on the CCR5 N-
terminus and lack of increased CCR5 affinity, contrast sharply
with the phenotypes of M-tropic R5 Envs derived from blood
that are characterized by reduced dependence on the CCR5
N-terminus and a more efficient interaction with CCR5 (see
Fig. 1) [110, 131]. Together, these studies suggest a dichoto-
mous mechanism of altered gp120–CCR5 engagement by
M-tropic Envs, depending on whether they were isolated from
brain or from blood—the former involving increased depen-
dence on the CCR5 N-terminus that does not increase the effi-
ciency of the Env–CCR5 interaction and the latter involving
reduced dependence on the CCR5 N-terminus that increases
Env–CCR5 affinity. Thus, the R5 M-tropic phenotype, or
“color”, as termed by Swanstrom and colleagues [98], appears
to be complex and may be comprised of at least two distinct
M-tropic subphenotypes.

EVIDENCE THAT TISSUE MACROPHAGES
MAY HARBOR M-TROPIC X4

As detailed in the preceding sections, not only is HIV-1 M-tro-
pism limited to just a subset of R5 HIV-1 isolates that have
unique phenotypic characteristics, but also, certain X4 and
R5X4 HIV-1 strains can enter and replicate in macrophages
very efficiently via CXCR4 [80, 96, 102, 110, 111, 113, 116,
142–144], adding a further layer of complexity to the gp120–
receptor interactions that govern HIV-1 M-tropism. The fact
that subtype B HIV-1 strains, harbored by 40–50% of infected
subjects, are CXCR4-using at late stages of infection [77, 78],
when CD4� T cells are often ostensibly depleted, despite the
maintenance of high plasma HIV-1 RNA levels, suggests that
nonlymphocytic cells are likely to be the major factories of
CXCR4-using HIV-1 during immunodeficiency. Indeed, studies
of SHIV-infected macaques have shown that tissue macro-
phages residing in LN, spleen, GI tract, liver, and kidney sus-
tain persistently high plasma viral loads of X4 when virtually
all CD4� T cells have been depleted from the body [9], and
the strictly T cell tropic viral inoculum used for these studies
(SHIVDH12R) underwent adaptive alterations in gp120 in vivo
to facilitate efficient CXCR4-mediated macrophage infection
ex vivo [10]. Further studies showed that X4 M-tropic HIV-1
viruses are more likely to arise in infected subjects with low
CD4� T cell counts, providing further evidence that macro-
phages may be targeted by X4 and contribute to HIV-1 patho-
genesis in humans [142].

AN ALTERED MECHANISM OF
Env–CXCR4 ENGAGEMENT
CONTRIBUTES TO M-TROPISM OF X4
HIV-1 STRAINS

Several studies have been undertaken to better understand the
nature of the interactions between gp120 and CXCR4 that per-
mit efficient CXCR4-mediated HIV-1 entry and replication in
macrophages. Although the CXCR4 N-terminus and ECL2 re-
gions have been shown to be important for recognition of X4

HIV-1 viruses [62, 145], the coreceptor requirements for effi-
cient CXCR4-mediated HIV-1 entry into macrophages are un-
clear. However, recent studies showed that efficient CXCR4-
mediated macrophage entry of primary blood- and lymphoid
tissue-derived viruses was associated with increased depen-
dence on the CXCR4 N-terminus (Fig. 1) [110], which in-
volved the presence of Ile326 within the V3 loop [110, 142].
These results illustrate a mechanism of gp120–coreceptor en-
gagement by blood/lymphoid tissue-derived M-tropic X4 vi-
ruses that is related to that which occurs between gp120 and
CCR5 of brain-derived M-tropic R5 viruses (i.e., increased de-
pendence on the CCR5 N-terminus) [109] but that differs
sharply to the mechanism of gp120–CCR5 engagement dis-
played by blood-derived M-tropic R5 viruses (i.e., reduced de-
pendence on the CCR5 N-terminus) [110, 131]. These find-
ings further illustrate the complex and tissue-specific nature of
the alternative gp120–coreceptor interactions that contribute
to efficient macrophage entry of HIV-1 via CXCR4 or CCR5.

EFFECT OF STEM-CELL
TRANSPLANTATION ON INFECTED
MONOCYTE/MACROPHAGES:
IMPLICATIONS FOR HIV-1 CURE

The recent reports of HIV-1 cure following stem-cell transplan-
tation with a CCR5�32 homozygous donor (the Berlin patient
[146]) and with a CCR5 WT donor (the Boston patients
[147]) raise some new and important insights regarding the
turnover of monocyte/macrophages and their role as a long-
term reservoir on cART. Macrophages are largely resistant to
radiation and chemotherapy; however, in the Berlin patient,
macrophages from liver, brain, and GI tract were all of donor
origin, i.e., CCR5�32 homozygous within 12, 17, and 24
months, respectively, post-transplant [148]. These data demon-
strate that long-lived tissue macrophages do indeed turn over
and can be replaced following transplantation and therefore,
that this reservoir too was eliminated post-transplantation.

The situation in the Boston patients is somewhat different,
as the donor cells expressed WT CCR5 but were “protected”
from infection as the transplant was performed in the pres-
ence of continuous cART [147]. The Boston patients have
only recently stopped antiviral therapy and showed no evi-
dence of viral rebound in the periphery [149], but further
studies of viral load in multiple tissue sites and cell subsets,
including monocyte/macrophages, are awaited. Similar to the
Berlin patient, it is possible that there has been replacement
of tissue macrophages with donor cells.

CONCLUDING REMARKS

This review describes the role of tissue macrophages in HIV-1
pathogenesis and persistence, both within and outside of the
CNS, and provides a foundation for understanding the com-
plex and divergent mechanisms that HIV-1 can exploit to en-
ter macrophages efficiently, which may depend on the tissue
of origin of the virus. The role of macrophages in HIV-1 per-
sistence on cART remains controversial, and further work is
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required to understand their contribution to the viral reser-
voir, mechanisms of persistence in the presence of cART, and
response to interventions currently being developed to purge
virus from latently infected T cells.
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