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ABSTRACT
HIV continues to be a global health crisis with more
than 34 million people infected worldwide (UNAIDS: Re-
port on the Global AIDS Epidemic 2010, Geneva, World
Health Organization). HIV enters the CNS within 2
weeks of infection and establishes a spectrum of HAND
in a large percentage of infected individuals. These
neurologic deficits greatly impact the quality of life of
those infected with HIV. The establishment of HAND is
largely attributed to monocyte transmigration, particu-
larly that of a mature CD14�CD16� monocyte popula-
tion, which is more susceptible to HIV infection, across
the BBB into the CNS parenchyma in response to che-
motactic signals. To enter the CNS, junctional proteins
on the monocytes must participate in homo- and het-
erotypic interactions with those present on BMVECs of
the BBB as they transmigrate across the barrier. This
transmigration is responsible for bringing virus into the
brain and establishing chronic neuroinflammation. While
there is baseline trafficking of monocytes into the CNS,
the increased chemotactic signals present during HIV
infection of the brain promote exuberant monocyte
transmigration into the CNS. This review will discuss
the mechanisms of monocyte differentiation/matura-
tion, HIV infectivity, and transmigration into the CNS pa-
renchyma that contribute to the establishment of cogni-
tive impairment in HIV-infected individuals. It will focus
on markers of monocyte subpopulations, how differen-
tiation/maturation alters HIV infectivity, and the mecha-
nisms that promote their increased transmigration
across the BBB into the CNS. J. Leukoc. Biol. 91:
401–415; 2012.

Introduction
The advent of cART rendered systemic HIV infection more
manageable, successfully increasing survival of infected individ-
uals, lowering viral load, and maintaining CD4 cell counts [1–
4]. Despite the success of cART in quelling peripheral infec-
tion, HIV continues to enter the CNS, resulting in the devel-
opment of cognitive, behavioral, and motor deficits associated
with HAND in 40–60% of HIV-infected individuals [5, 6]. This
may be due, at least in part to the fact that cART is not usually
administered immediately upon exposure to HIV. As HIV en-
ters the CNS very early after peripheral infection [7], it is
likely that the virus is present in the CNS of many infected
individuals before they even receive antiretroviral therapy.
Postmortem analyses demonstrate that 80–90% of HIV-in-
fected individuals undergo neuropathological changes, sug-
gesting that HAND may be more frequent than current epide-
miology indicates [8]. HAND, the collective term for a spec-
trum of cognitive impairments that affect HIV-infected
individuals, presents as a range of clinical manifestations. It is
classified according to the severity of cognitive dysfunction, as
determined by neuropsychological testing, and the extent to
which it impacts the daily living of those affected. The three
classifications of HAND, in order of increasing severity, are
asymptomatic neurocognitive impairment, mild neurocognitive
disorder, and HAD [9]. In the past, HAD was commonly seen
in HIV-infected individuals, but the use of antiretroviral thera-
pies has decreased the incidence of this severe form of HAND.
Now milder types of impairment are more frequent. As HIV-
infected individuals live longer, the prevalence of HAND is
increasing [10–13].

HAND is often difficult to diagnose, as neurocognitive test-
ing provides a snapshot of an individual’s cognitive function
and may not accurately reflect the dynamic nature of the dis-
order [14]. Complicating things further, HAND does not fol-
low a linear course of events. Rather than progressively declin-
ing over time, neurocognitive ability fluctuates and can pla-

1. Correspondence: Dept. of Pathology, F727, Albert Einstein College of
Medicine, 1300 Morris Park Ave., Bronx, NY, 10461, USA. E-mail:
joan.berman@einstein.yu.edu

Abbreviations: ALCAM�activated leukocyte cellular adhesion molecule,
BBB�blood brain barrier, BMVEC�brain microvascular endothelial cell,
cART�combined antiretroviral therapy, CD99L2�CD99-like 2, CSF1-
R�colony stimulating factor receptor 1, EC�endothelial cell, HAD�HIV-as-
sociated dementia, HAND�HIV-associated neurocognitive disorder(s),
HIVE�HIV encephalitis, ICAM-1�intercellular adhesion molecule 1, JAM-
A�junctional adhesion molecule A, LFA-1�lymphocyte function-associated
antigen 1, LPS�lipopolysaccharide, NC-IUIS�Nomenclature Committee of
the International Union of Immunological Societies, PDGF�platelet-derived
growth factor, PrPC�cellular prion protein, SIVE�SIV encephalitis, sPE-
CAM-1�soluble PECAM-1, TRIM�tripartite motif, VCAM-1�vascular cell ad-
hesion molecule 1, VLA-4�very late antigen-4

Review

0741-5400/12/0091-401 © Society for Leukocyte Biology Volume 91, March 2012 Journal of Leukocyte Biology 401



teau, improve, and/or worsen throughout the course of HIV
infection [15].

PHENOTYPE OF THE MATURING
MONOCYTE

HAND continues to develop in a large percentage of HIV-in-
fected individuals. A mature monocyte subpopulation is be-
lieved to play a critical role in promoting the series of events
that leads to neurocognitive impairment, namely by transmi-
grating across the BBB and establishing infection and chronic
inflammation within the CNS. While the human monocyte
classification system is mainly based on surface expression of
CD14—the LPS receptor—it has been known for 20 years that
peripheral blood monocytes are heterogeneous cells with dif-
fering sizes, granularities, levels of maturation and activation,
and functions [16, 17]. An additional marker among mono-
cyte populations is CD16—the Fc�IIIR—although most pe-
ripheral blood monocytes of healthy individuals are
CD14�CD16� [18]. CD14� monocytes that also have surface
CD16 are believed to be a more mature population [19].
There is additional heterogeneity within the CD14�CD16�

population based on differing surface amounts of each pro-
tein: some double-positive monocytes have higher levels of
CD14 (CD14��CD16�), whereas others are dimmer
(CD14�CD16��), as determined by flow cytometry. There is
some variability in the percentages of these two populations in
the blood among individuals. In this review, the discussion of
CD14 and CD16 antigens, as well as of other markers on
monocytes, refers only to cell-surface expression, unless stated
otherwise.

Until recently, there was no consensus in the literature to
distinguish among monocyte subpopulations, and there was no
uniformity in monocyte description in the majority of studies.
Updated monocyte nomenclature by the NC-IUIS assigned
new terminology to each subset. The major population of
monocytes in the peripheral blood is termed classical mono-
cytes and expresses only CD14 (CD14��CD16�). Those that
maintain high levels of CD14, while gaining CD16 (CD14��

CD16�), are termed intermediate monocytes, and the mono-
cytes with high CD16 and lower levels of CD14 (CD14�CD16��)
are termed nonclassical monocytes [20]. The NC-IUIS stan-
dardized the parameters used to distinguish among these
three subsets, based on the levels of CD14 and CD16, com-
pared with IgG-negative controls in flow cytometry. For sim-
plicity, this review will term all monocytes with CD14 and
CD16 as being CD14�CD16�, regardless of the relative
amounts of each antigen.

Heterogeneity also exists among mouse peripheral blood
monocytes, and the NC-IUIS issued nomenclature regarding
their respective subpopulations as well. Mouse monocytes dif-
fer from human monocytes in identifying markers and per-
haps in their roles in immune defense. Mouse monocytes are
characterized by their expression of M-CSFR (CD115), F4/80,
and integrin alpha M (CD11b) [21]. Within these CD115�F4/
80�CD11b� cells are two subsets with differing levels of Ly-6C
and CD43 [20]. Mouse cells will not be discussed further here.
For an excellent review of these cells and the differences be-
tween human and mouse monocytes, refer to Robbins and
Swirski [22].

The CD14�CD16� monocyte subpopulation makes up only
5–10% of all peripheral blood monocytes as shown in Fig. 1A;
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Figure 1. CD14�CD16� monocytes in-
crease in numbers in nonadherent culture
conditions over 3 days. Human mono-
cytes were isolated by CD14-positive selec-
tion from PBMCs (two representative in-
dividuals are shown, Donor 1 and 2).
(A) Freshly isolated and (B) monocytes
maturing for 3 days in nonadherent con-
ditions with M-CSF in our culture system
were stained with CD14 APC and CD16
PECy7-coupled antibodies. CD14�CD16�

monocytes are present in low numbers in
freshly isolated, circulating monocytes.
Their numbers significantly increase after
3 days in nonadherent culture conditions.
This increase varies among donors.
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however, this percentage can expand to �40% in HIV-infected
individuals [23–25]. The expansion of the CD14�CD16�

monocyte subpopulation in the blood may be predictive of
HIV-associated neurocognitive decline [26–29]. Whereas the
mature CD14�CD16� subset is implicated in CNS HIV patho-
genesis and the establishment of HAND, the phenotype of the
monocyte that enters the CNS and is susceptible to HIV infec-
tion is not fully characterized. As the CD14�CD16� monocyte
population is present in such low numbers in the peripheral
blood of healthy individuals, analysis of the phenotypic mark-
ers specific to this subset is difficult. We therefore developed a
culture method that enables the enrichment of this monocyte
subset, as monocytes do not proliferate. Using this system, we
characterized markers associated with monocyte maturation,
susceptibility to HIV infection, and transmigration [30]. This
system is established as follows. PBMCs are isolated by Ficoll-
Paque density gradient, and monocytes are obtained by posi-
tive CD14 selection. They are then cultured nonadherently in
Teflon flasks to prevent adherence-mediated monocyte differ-
entiation into macrophages, with M-CSF for 3 days, as mono-
cytes circulate in the periphery before entering tissues for this
time frame [31–33]. In agreement with data from others [18,
23, 34], we found the majority of freshly isolated peripheral
blood monocytes to express CD14, and 5–10% of these cells
also express CD16 (Fig. 1A). However, upon maturation with 3
days in nonadherent culture, the number of monocytes with
CD16 increased (Fig. 1B). The extent of CD16 expansion was
donor-dependent.

In addition to CD14 and CD16, other markers used to iden-
tify monocyte subsets include CD11b, CD163, CD166, Mac387,

PrPC, CCR2, and CX3CR1. Figure 2 is a schematic representa-
tion of these markers on freshly isolated monocytes and ma-
turing monocytes in our culture system, as compared with in
vivo, and of the transmigration process into the CNS. These
markers have been found to be important in monocyte func-
tion and some may also have implications in HIV neuropatho-
genesis. As we could generate sufficient numbers of
CD14�CD16� monocytes for analysis using our culture system,
we found that this subpopulation also expresses CD11b,
CD163, CD166, and Mac387 [30]. Additionally, we found that
CX3CR1 and CCR2 were expressed on the CD14�CD16� pop-
ulation (see detailed description below), as well as was PrPC

[30] (Table 1). Another study examined the CD14�CD16�

and CD14�CD16� monocyte populations by microarray analy-
ses and identified markers that further distinguish phenotypic
differences between these subsets, including the CSF-1R [40].

CD11b is a monocyte-specific adhesion molecule that facili-
tates monocyte adherence to ECs and its subsequent migration
into tissues [43]. As the alpha M component of the Mac1 in-
tegrin complex, CD11b mediates binding to ECs by its interac-
tions with ICAM-1 [44]. While it has not been implicated di-
rectly in monocyte transmigration into the CNS during the
pathogenesis of NeuroAIDS, it has been shown that upon
monocyte activation, which may occur with inflammation
and/or HIV infection, this ligand increases avidity for its re-
ceptor [45, 46]. This may facilitate tighter binding to the BBB,
enabling the series of events leading to diapedesis.

CD163 is a hemoglobin scavenger receptor and a member
of the scavenger receptor cysteine-rich group B family; it is
expressed exclusively on cells of the monocytic lineage, includ-
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Figure 2. Schematic representation of
the correlation of monocyte maturation
in vivo with our nonadherent culture sys-
tem of CD14� monocytes. Circulating
peripheral blood monocytes are mainly
CD14�, and a small population also ex-
presses CD16. In the blood, these
CD14�CD16� cells represent 5–10% of
the monocyte population. In our nonad-
herent culture system, these cells greatly
increase in numbers (see text and Fig. 1).
The CD14�CD16� cells in the blood and
in our model culture system also express
CD11b, CD163, PrPC, Mac387, CD166,
CCR2, and CX3CR1. This CD14�CD16�

maturing monocyte subset is susceptible
to HIV infection and preferentially trans-
migrates across the BBB in response to spe-
cific chemokine gradients. Upon transmi-
gration across the BBB, these cells differen-
tiate into monocyte/macrophages.
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ing microglia and perivascular macrophages of the CNS [47–
49]. CD163-positive macrophages are implicated in inflamma-
tion and are found within inflamed tissues, including the CNS.
During the development of HAND, an accumulation of
CD163-positive monocytes/macrophages in the CNS may oc-
cur, at least in part, as a result of the increased numbers of
CD14�CD16�CD163� monocytes in the blood of those with
detectable HIV infection as compared with uninfected or HIV-
infected individuals with undetectable viral loads [50]. CD163-
positive monocytes/macrophages also accumulate in nonhu-
man primate SIVE perivascularly within nodular lesions [49,
51, 52]. CD14�CD16� monocytes/macrophages, which are
also CD163�, may therefore be an important biomarker for
HAND and AIDS progression.

Mac387 is an intracellular marker of recently infiltrated
monocytes/macrophages into tissues [53–55]. In one study,
Mac387� macrophages were arranged in cell clusters with T
cells that may have initiated their activation, enabling them to
become more susceptible to SIV infection [56]. Mac387� cells
have also been found in high levels in the brains of mildly en-
cephalitic macaques [57], suggesting that these cells had re-
cently infiltrated the CNS. Mac387 is present in freshly isolated
monocytes, as well as in the maturing monocyte population in
our culture system [30]. This marker may therefore be an im-
portant tool in assessing the monocyte population that enters
the CNS.

PrPC is the cellular isoform of the protease-resistant protein
of the nonpathogenic human prion protein localized to mem-
brane raft microdomains, where it participates in signal trans-
duction [58, 59]. PrPC also serves as an adhesion molecule
and is highly expressed in the CNS, where it is constitutively
found on BMVECs, glial cells, neurons, and macrophages/
microglia [60, 61]. PrPC is present on monocytes, and PrPC-
PrPC homotypic interactions facilitate transmigration across
BMVECs [62]. We found PrPC to be a potential biomarker of
HIV-associated neurocognitive impairment [63]. PrPC is in-
creased in the CNS of those with HAND but not HIV-positive
individuals without cognitive impairment. This increase was
mirrored in the CSF, where shed PrPC levels correlated with
the level of cognitive function [63]. PrPC is also increased in
the brain of macaques with SIVE [63].

The expression of CCR2, the receptor for the chemokine
CCL2 (MCP-1), and CX3CR1, the receptor for the chemokine
CX3CL1 (fractalkine), on monocyte subpopulations is contro-
versial. CCR2 is generally associated with the classical
CD14��CD16� monocyte, whereas CX3CR1 is believed to be
expressed primarily by the CD14�CD16� monocyte subpopula-
tion [64]. The presence of CX3CR1 on the classical
CD14��CD16� monocyte and CCR2 on the CD14�CD16�

monocyte subset is believed to be very low, at almost undetect-
able levels. However, we showed that CCR2 [30] and CX3CR1
are expressed on freshly isolated (Fig. 3A), as well as on Day 3
(Fig. 3B), maturing monocytes cultured in our system (Fig. 3).
The receptors on the monocytes obtained from our in vitro
model system are functional. Our data indicate that the same
mature monocyte population transmigrates across our BBB
model (see description below) to a similar extent in response
to CCL2 or CX3CL1 (unpublished results). Our data are in
agreement [65] and differ with those found by other groups
[64, 66, 67]. It is possible that we detect these receptors, as we
use sensitive methods of flow cytometry, and our culture sys-
tem enables us to examine large numbers of cells. However,
our data do not distinguish among the additional subpopula-
tions within the CD14�CD16� monocyte subset. As the sensi-
tivity of antibodies and multicolor flow cytometric analyses im-
proves, a more detailed study of these chemokine receptors on
monocyte subpopulations will be possible.

STEPS IN MONOCYTE TRANSMIGRATION

The transmigration of monocytes into the CNS establishes the
neuroinflammation associated with HAND and is a multistep
process involving the interaction of adhesion molecules and
tight junction proteins, which we will term junctional proteins,
on ECs with the transmigrating monocyte. Much of the under-
standing of monocyte transmigration and diapedesis is from
studies of the peripheral vasculature. There is less information
regarding transmigration across the highly specialized BBB.
Many of the components involved in these processes are likely
conserved between the CNS and the periphery, although there
certainly may be differences between the two. The steps in

TABLE 1. Markers Found on Immature CD14�CD16� Monocytes and on Maturing CD14�CD16� Cells in the Blood and on
Monocytes Cultured Nonadherently for 3 Days in Our Model System

Peripheral blood

CD14�CD16� immature
monocytes in blood:

90–95% of monocytes

CD14�CD16� maturing
monocytes in blood:
5–10% of monocytes References

CD14�CD16� Day 3
and transmigrating

monocyte in our system

CD11b �� �� [35–39] �� [30]
CD163 �/� �� [35, 36, 40] �� [30]
CD166 Not yet distinguished among subpopulations �/��a [30]
CD31 �� ��/��� [35, 37, 39, 40] ��/���a [30]
CD99 �/�� � [40, 41] �/��a

CCR2 �� �/�� [35, 36, 39, 40, 42] �/��a [30]
CX3CR1 �/� �� [35, 39, 40] ��a

aUnpublished results. �/�, variable expression; �, low expression; ��, intermediate expression; ���, high expression.
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transmigration include monocyte capture from the circulating
blood flow onto the EC, rolling, firm arrest, intravascular
crawling, and ultimately, diapedesis through the EC layer into
the underlying tissue [68] (Fig. 4).

Capture—the loose tethering and initial binding step of
monocytes to the EC—is mediated by selectins. This tether-
ing slows the monocyte, and selectins, as well as the integrin
VLA-4, promote rolling along the vasculature [69]. Mono-
cyte firm arrest is triggered by chemokines and mediated by
ICAM-1 and VCAM-1 on the EC and LFA-1, CD11b, and
VLA-4 on the monocyte. The final step in transmigration is
diapedesis and involves the opening of junctions of the en-
dothelium to interact with the junctional proteins on mono-
cytes in a zipper-like manner, quickly sealing as the mono-
cytes diapedese, and can occur as rapidly as 90 s [68].

Transmigration can occur between ECs (paracellular
transmigration) or through the EC (transcellular transmi-
gration), although the latter mechanism is less frequent,
accounting for only 9 –30% of total transmigrated events
[70]. The conditions under which cells transmigrate para-
or transcellularly are unclear. They may be related to the
strength of the junctions present in the EC layer and/or to
the activation state of the transmigrating monocyte [71].
The predominant mechanism of transmigration across the

BBB is not known. Furthermore, it is unknown whether HIV
alters the prevalence of one pathway over the other. Re-
gardless, many of the same junctional proteins are used to
facilitate both forms of diapedesis [71].

The CD14�CD16� monocyte preferentially transmigrated
across our in vitro model of the BBB in response to CCL2
[30]. Our model consists of human BMVECs and human as-
trocytes cocultured on opposite sides of a gelatin-coated tissue
culture insert with 3 �m pores [72, 73]. The cocultures grow
to confluence over 3 days, at which time, the astrocytic pro-
cesses penetrate the insert and contact the BMVEC to seal the
barrier. To characterize further this monocyte subpopulation
that transmigrates across the BBB, we performed microarray
analyses from the RNA of maturing monocytes added to the
coculture system and of transmigrated monocytes and found
474 differentially regulated genes involved in chemotaxis and
metastasis, including connective tissue growth factor; CCL18/
pulmonary and activation-regulated chemokine; EGF-like,
module-containing, mucin-like hormone receptor-like se-
quence 1; and the mannose receptor. We also found that
upon transmigration, the mature monocyte population cul-
tured in our system had increased expression of CCR2 relative
to that before transmigration [30].
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Figure 3. Both CCR2 and CX3CR1 are present on freshly isolated and mature monocytes. (A) Freshly isolated monocytes or (B) mature mono-
cytes cultured nonadherently with M-CSF for 3 days in our system were stained with CD14 PE and CD16 PECy7 and CCR2 AlexaFluor 647 or
CX3CR1 FITC-coupled antibodies and analyzed by flow cytometry. Histograms of CCR2 and CX3CR1 include the mean fluorescence intensity
(MFI) as compared with its IgG isotype-matched control antibody.
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MONOCYTE DIAPEDESIS AND THE BBB

To enter into the CNS, monocytes must first transmigrate
across the BBB, a selectively permeable barrier consisting pri-
marily of BMVECs and astrocytes, which separate the periph-
ery from the CNS parenchyma [74, 75]. The BBB forms a
physical and chemical barrier as a result of tight junction pro-
teins, which inhibit paracellular entry, and a diverse group of
transporters and low rates of pinocytosis, which inhibit trans-
cellular entry, of small molecules into the CNS [76]. As part of
immune surveillance, there is low-level leukocyte, including
monocyte, trafficking across the BBB [77, 78]. Entry into the
CNS is highly regulated, and immune surveillance in the brain
occurs 100-fold less than in other organs, such as the spleen [79].

Diapedesis across the BBB is mediated by interactions be-
tween the junctional molecules on monocytes and the endo-
thelium, some of which include ALCAM (CD166), JAM-A
(F11R/CD321), PECAM-1 (CD31), and CD99. We found that
in addition to CD16, the junctional molecules ALCAM, JAM-A,
CD99, and PECAM-1 increase on the cell surface during
monocyte maturation (unpublished results). We showed that
the higher levels of at least some of these junctional molecules
promote transmigration in greater numbers across our model
of the human BBB in response to CCL2. Blocking antibodies
to ALCAM and JAM-A significantly decrease the transmigra-
tion of this maturing monocyte subset, when both HIV-in-
fected or uninfected, below baseline levels (unpublished re-
sults). This suggests the importance of junctional molecules on
the monocyte in facilitating transmigration and warrants addi-
tional study, as it may represent novel therapeutic opportuni-

ties toward decreasing monocyte transmigration and the subse-
quent development of HAND. It may also be an important
mechanism for monocyte transmigration into the CNS during
other inflammatory processes.

ALCAM, JAM-A, CD99, and PECAM-1 are also expressed on
BMVECs and mediate monocyte transmigration. Additionally,
they are integral components of the BBB, helping to maintain
its integrity. ALCAM is a member of the Ig superfamily and is
expressed by T cells and monocytes, as well as ECs, particularly
the BMVECs of the BBB, where it is localized to lipid rafts
[80]. Unlike other junctional molecules involved in monocyte
transmigration, ALCAM has higher expression in the endothe-
lium of the BBB compared with those from other anatomical
locations [81]. The role of ALCAM in baseline conditions is
not well understood, but in inflammatory environments, its
main role is to facilitate transendothelial migration [81].
ALCAM is essential for the transmigration of monocytes in
atherosclerosis and is also implicated in the migration of regu-
latory T cells in pancreatic tumors [82]. ALCAM was found
initially as the ligand of CD6, a glycoprotein found on acti-
vated T cells, and ALCAM expressed on the BMVECs can in-
teract heterotypically with CD6 on those cells [83, 84]. Mono-
cytes do not express detectable surface CD6, however, and are
believed to participate solely in ALCAM–ALCAM homotypic
interactions [81]. During transmigration, ALCAM is localized
at endothelial cell-cell junctions and also at the transmigratory
cup surrounding the monocyte. Its importance in mediating
transmigration was demonstrated in studies using anti-ALCAM-
blocking antibodies. In experimental autoimmune encephalo-
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Figure 4. Monocyte transmigration across
the BBB. Monocyte transmigration is a
multistep process, (A) consisting of cap-
ture and rolling, chemokine-mediated
activation of the monocyte and subse-
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the vasculature, and ultimately, diapede-
sis. (B) An enlarged image illustrating
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myelitis, an animal model of multiple sclerosis, mice that re-
ceived ALCAM-blocking antibody had better clinical scores,
less inflammatory lesions, and reduced monocyte and T cell
infiltration than control animals [81]. Furthermore, the same
antibody completely inhibited migration of CD4� T cells and
monocytes in vitro but not that of CD8� T cells. Cocaine was
shown to increase ALCAM expression in BMVECs, which led
to increased numbers of monocyte transmigration across the
BBB [85]. Anti-ALCAM antibody also blocked this process
[85]. This may have implications for HIV-infected individuals,
as substance abuse is a risk factor for acquiring HIV. In addi-
tion, many drugs of abuse alter BBB integrity, and a history of
drug abuse may increase the rate of CNS inflammation and
neurologic decline in HIV-infected individuals [86–90].

Similar to ALCAM, JAM-A is an Ig family member, as well as
a member of the JAM family, including JAM-B, JAM-C, JAM-4,
and JAM-L. Of these, JAM-A was the first to be identified and
is the most widely expressed. JAM-A is found at the lateral bor-
ders between adjacent endothelial and epithelial cells of many
tissues, including kidney, liver, and brain. JAM-A is also ex-
pressed on platelets, neutrophils, lymphocytes, and monocytes
[91]. Homophilic interactions between JAM-A molecules of
adjacent peripheral ECs are critical for maintaining EC integ-
rity by stabilizing the cell junction and decreasing paracellular
permeability [92]. A similar role is found in the BMVEC of the
BBB, where JAM-A acts as a tight junction protein that inter-
acts with cell polarity and cytoskeleton-associated proteins
[91]. JAM-A is often upregulated under inflammatory condi-
tions and is redistributed to the apical surface, making it avail-
able to interact with transmigrating monocytes [91]. The role
of JAM-A in transendothelial cell migration was implicated
with a blocking antibody, which inhibited baseline and chemo-
kine-induced monocyte migration [92]. There have been many
subsequent studies, during which JAM-A is blocked with anti-
body or reduced with genetic knockdown, some of which have
confirmed its role in monocyte transmigration [93–98],
whereas others have had opposite results [99–102]. JAM-A, on
the EC, can also mediate transmigration by interacting hetero-
typically with LFA-1 on monocytes [95]. The role of JAM-A in
mediating monocyte transmigration across the BBB during
baseline conditions or in the context of HIV infection still
needs to be characterized fully.

PECAM-1, another Ig superfamily member, is expressed on
monocytes and at EC borders, albeit at a lower density in
monocytes [103]. The PECAM-1 localized to EC lateral bor-
ders interacts with PECAM-1 present on monocytes. These ho-
mophilic interactions are required for transendothelial migra-
tion, as during this process, PECAM-1 is recruited to the site at
which migration occurs [104]. One of the first studies to dem-
onstrate the role of PECAM-1 in facilitating monocyte transmi-
gration was with the use of an anti-PECAM-1 mAb, which de-
creased transendothelial migration by 80% [105]. Additional
blocking studies, in vitro and in vivo, validated the essential
role of PECAM-1 in transmigration. PECAM-1-blocking anti-
body was also shown to inhibit neutrophil recruitment to the
lung, peritoneal cavity, and in human skin grafts [106]. When
monocytes do not engage with PECAM-1 on the lateral border
of ECs, they remain adherent to the apical surface, unable to

pass through the intracellular junction [105]. One strain of
mouse appears to be refractory to the anti-PECAM-1 transmi-
gration blockade, however, and it is not known whether addi-
tional molecules play compensatory roles [107]. Transfection
of PECAM-1 into ECV304 cells that do not endogenously ex-
press it confers their ability to support transendothelial migra-
tion [108]. This has not yet been demonstrated with other
junctional molecules. The role of PECAM-1 at the BBB is less
well-characterized [109]. In one study that knocked out
PECAM-1, BMVECs showed a decrease in barrier integrity, fol-
lowed by an increase in activated monocyte migration [110].
PECAM-1 has also been implicated in monocyte extravasation
into the basal lamina once diapedesis is completed [111].
PECAM-1 was shown to act sequentially to JAM-A during
monocyte migration in vivo [96]. Our laboratory showed that
in vitro, HIV-infected PBMCs shed PECAM-1 when treated
with CCL2, and in vivo, there is an accumulation of cleaved,
sPECAM-1 in the brain tissue of individuals with HIVE. This
increase is reflected in the sera of HIV-infected individuals
[112]. These elevated levels of sPECAM-1 in the CNS may
compete with surface PECAM–PECAM interactions between
EC–EC and/or between EC and the monocyte, resulting in
BBB permeability and increased monocyte transmigration, fa-
cilitating the development of HAND.

Unlike the previously discussed junctional proteins, CD99
is not an Ig family member or a member of any other pro-
tein family. CD99 has no homology with any gene in the
human genome, with the exception of CD99L2 [113]. CD99
is expressed on most monocytes and at the lateral borders
between adjacent ECs. Similar to other junctional mole-
cules, CD99 participates in homophilic interactions to medi-
ate monocyte transmigration. This interaction is necessary
for transmigration in vitro and in vivo. Blocking CD99 on
the monocyte or EC with mAb essentially inhibited all trans-
endothelial migration [114]. In vitro studies showed a block
of diapedesis by 90% [115]. In vivo studies with anti-CD99
inhibited T cell migration into the skin, as well as neutro-
phil and monocyte entry into the peritoneal cavity [116,
117]. It has been suggested that CD99 acts at the step in
diapedesis directly after PECAM-1 [115]. Furthermore, it
has been shown that CD99 cannot mediate migration when
PECAM-1 is not present [108]. The sequential role of
PECAM-1 and CD99 has been challenged recently, however,
suggesting that CD99 may work independently of PECAM-1
[118]. Although closely related, CD99 and CD99L2 are not
redundant proteins, as the latter may mediate the transmi-
gration of fewer PBMC subsets than CD99. CD99L2 has
been shown to mediate neutrophil but not T cell transmi-
gration, unlike CD99, which has been implicated in the dia-
pedesis of both of these cell types, as well as of monocytes [119].

BMVECs cannot be infected with HIV. EC damage from
the virus may occur instead upon the release of viral pro-
teins. The effects of these viral components on ALCAM,
JAM-A, PECAM-1, and CD99 in the BBB have not been ex-
amined. However, studies implicate the effects of viral pro-
teins, such as tat and gp120, on tight junctions, including
occludin, claudin-5, and zonula occludens-1, in disrupting
barrier integrity [120 –122]. Interestingly, occludin and clau-
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din-5 have been found on monocytes and may play a role in me-
diating their transmigration [123]. We showed the mRNA expres-
sion of tight junctions on the maturing monocyte [30]. A differ-
ent study demonstrated ezrin, another tight junction protein,
mRNA to be increased in the CD14�CD16� monocyte subset as
compared to CD14�CD16- cells [40]. The role of tight-junction
interactions between monocytes and BMVECs in transmigration
needs to be examined further.

HIV proteins may also interact with astrocytes, another cell
type that plays a critical role in establishing the BBB, thereby
compromising its integrity. The viral protein tat induces astro-
cytic PDGF, which in turn, causes production of CCL2 and
IL-1� [124]. This could result in additional monocyte che-
motaxis and possible damage to the BBB. We showed that tat
also directly induces production of CCL2 in astrocytes and
promotes transmigration across the BBB [125, 126]. Addition-
ally, HIV itself may lead to barrier breakdown by infecting as-
trocytes. We demonstrated that HIV infects �5% of cultured
astrocytes and that the infection of these few cells leads to
BBB damage [127].

During acute infection, it is possible that the barrier may
be breached prior to monocyte transmigration, as a result
of viremia and the viral proteins mentioned above, as well
as by the production of cytokines and chemokines by
PBMCs and/or CNS cells. The diminished integrity of the
BBB may then allow access of HIV-infected monocytes into
the CNS. The damage that occurs during acute HIV infec-
tion often resolves, and BBB properties are reestablished
during the chronic phase of HIV infection. Thus, entry of
HIV-infected cells into the CNS can also exacerbate existing
BBB damage and promote chronic neuroinflammation.

It is important to understand the signals that promote the
entry of the mature monocyte population into the CNS during
HIV infection. CCL2, a potent monocyte chemoattractant
highly elevated in the CNS and CSF of individuals with cogni-
tive impairment [128–130], is well-characterized in the neuro-
pathology of HIV. Another chemokine, CX3CL1, is also pres-
ent in the CNS and CSF of those with HIV infection [131,
132]. These two chemokines may coordinately recruit mono-
cytes to the CNS. The CD14�CD16� monocyte subpopulation
secretes CCL2 when in contact with CX3CL1-expressing ECs
[133]. This interaction also promotes monocyte production of
matrix metalloproteinase 9, an essential component for entry
into the basement membrane underlying the EC layer, and
IL-6, an inflammatory cytokine implicated in HIV-related CNS
pathology [133].

HIV INFECTION OF MONOCYTES

Monocyte transmigration across the BBB results in HIV seed-
ing within the CNS and also establishes neuroinflammation
during the pathogenesis of HAND [134]. As monocytes, which
were infected with HIV in the circulation, enter the CNS, the
virus too enters as an integrated provirus within the monocyte
genome or as a nonintegrated circular form [135]. Infectious
viral particles are released as the mature monocyte enters the
CNS and also as it differentiates into a macrophage. This re-
leased virus can then infect other cells of the CNS, namely mi-

croglia, perivascular macrophages, and a small percentage of
astrocytes [136, 137]. These infected cells can shed and se-
crete viral proteins, such as tat and gp120, which activate sur-
rounding macrophages, microglia, and astrocytes. The acti-
vated cells produce inflammatory cytokines TNF-�, IL-1�, and
IL-6 and chemokines, which recruit additional cells into the
CNS, and small molecules, such as arachidonic acid, quinolinic
acid, and NO. All of these factors can alter BBB permeability,
as well as cause astrocytic glutamate dysregulation, ultimately
resulting in the neuronal damage and loss associated with
HAND [138]. This elaboration of neurotoxic and chemotactic
factors also perpetuates the cycle of chronic inflammation
within the CNS.

While HIV infection of monocytes and their entry into the
CNS are believed to initiate the series of events that lead to
HAND, there are many discrepancies regarding the susceptibil-
ity of monocytes to HIV infection. HIV infection of monocytes
occurs predominantly by CD4 and CCR5 host protein interac-
tions with the envelope of the virus, but there is evidence that
CXCR4 may also be used as a coreceptor [139]. The impor-
tance of CCR5 in facilitating HIV infection is demonstrated by
individuals who have a homozygous, 32-bp deletion in CCR5
(CCR5�32) and are not infected by HIV [140, 141]. Although
monocytes express the receptor and coreceptors necessary to
mediate viral entry, in the past, they were considered to be
refractory to HIV infection, at least in vitro [142–146]. How-
ever, many groups showed that infectious virus can be isolated
from the monocytes of seropositive individuals, particularly
from the mature CD14�CD16� monocyte subset, often ex-
panded in the peripheral blood of those infected with HIV
[147–156]. This monocyte subpopulation has increased suscep-
tibility to HIV infection and has been shown to harbor inte-
grated viral DNA [30, 157–159]. This suggests that there may
be a maturation-dependent component to the susceptibility of
monocytes to HIV and that one of the reasons for the re-
ported lack of permissiveness of monocytes to HIV infection is
the low numbers of the mature CD14�CD16� subpopulation
in the peripheral blood of healthy individuals, which was used
for in vitro infectivity studies.

As there are conflicting data regarding monocyte susceptibil-
ity to HIV, we characterized the infectivity of freshly isolated
monocytes compared with the CD14�CD16� maturing mono-
cyte subset expanded in our system. We found that the mature
monocyte population was easily infected and had a robust pro-
duction of HIV p24, the viral capsid antigen routinely used as
an indicator of HIV replication, whereas freshly isolated mono-
cytes had minimal virus production [30]. To determine gene
expression that may facilitate infection of the maturing mono-
cyte population, we performed microarray analyses using RNA
from freshly isolated monocytes and monocytes cultured non-
adherently for 3 days in our system, which were highly vulnera-
ble to HIV infection. There were several genes up-regulated in
the maturing monocyte population, whose protein products
have been shown to interact with HIV proteins, including fi-
bronectin-1, syndecan-2, and integrin beta 5 [30]. It will be
important to determine the role that these proteins and others
identified by our microarray play in HIV infection.
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Studies that focused on determining the cause of the block-
ade of HIV production in freshly isolated monocytes did not
specifically examine this maturing population and have attrib-
uted the low level of infection to many factors, some of which
include inhibition prior to reverse transcription, a defect in tat
transactivation, low-viral cDNA synthesis, decreased levels of
CCR5, “anti-HIV” microRNAs, the TRIM family member
TRIM5�, and the apolipoprotein B mRNA-editing enzyme cat-
alytic polypeptide family of cytidine deaminases [159–170].
While all of these may be important mechanisms leading to
inhibition of monocyte infection by HIV, additional studies
with the maturing monocyte population are needed to deter-
mine factors contributing to their susceptibility.

In HIV neuropathogenesis, HIV-infected monocytes transmi-
grate across the BBB, exposing the CNS to virus. We used our
human in vitro BBB model to characterize the transmigration
of HIV-infected cells. Our initial studies showed that PBMC
transmigrate in very high numbers across the BBB in response
to CCL2 and disrupt barrier integrity, in part by reducing
BMVEC tight junctions [73]. This high level of transmigration
did not occur when HIV-infected cells were added to the bar-
rier in the absence of CCL2 or with uninfected PBMCs, sug-
gesting that HIV and CCL2 have a combined effect on in-
creased transmigration and disrupting barrier integrity. Our
additional studies using monocytes from our nonadherent cul-
ture system demonstrated that when infected with HIV, the
maturing monocyte population also transmigrates across the
BBB in response to CCL2 in much higher numbers than when
uninfected (Fig. 5). As with the PBMCs used in our initial
studies, CCL2 was required for this exuberant transmigration.

MONOCYTES AND HAND IN THE
ANTIRETROVIRAL ERA

In the present cART era, peripheral and central viral loads are
low or undetectable [171]. The question is now whether neu-
roinflammation occurs in the current era and if the presence
of monocytes/macrophages in the CNS correlates closely to
the neuropathogenesis of HIV, as was seen prior to antiretrovi-
ral therapy [172–174]. There is evidence that neuroinflamma-
tion persists in the CNS of HIV-infected individuals despite
cART, even if sometimes at low levels, and that monocytes/
macrophages remain critical to the pathogenesis of HAND
[175–178]. It was suggested in one study that there are “sur-
prising” levels of neuroinflammation in those receiving cART
and that the extent of this inflammation mirrors that seen in
HIVE cases pre-cART [179]. In contrast, another group found
minimal HIV brain pathology in the antiretroviral era, even
though 88% of individuals in the cohort presented with
HAND [180]. Others suggest that inflammation within the
CNS has not decreased with therapeutics, but instead that the
sites at which it occurs have shifted [181–183].

The peripheral infection of monocytes has been shown to
correlate with HAND in cART-treated individuals [184], and
the levels of HIV DNA in the CD14�CD16� cells remain high,
even after 1 year of therapy [185]. The sequences of recovered
HIV RNA from plasma more closely relate to CD14�CD16�

monocytes than to CD4�T lymphocytes, suggesting that even

during successful therapy, monocytes may contribute to the
production of virus [186].

The entry of monocytes into the brain plays a key role in
initiating the series of events that lead to HAND, and although
antiretrovirals hinder viral replication, they may have minimal
effects on the continued transmigration of monocytes into the
brain. One study showed that a single exposure of the CNS to
the neurotoxic viral protein HIV tat led to the infiltration of
peripheral blood monocytes and resulted in prolonged disrup-
tion of CNS function [187]. The effects of continuous expo-
sure to viral proteins in the brain over the course of HIV in-
fection, even if cART is administered, can therefore not be
discounted. This suggests that the entry of even only a few
HIV-infected monocytes into the CNS early during the acute
phase of HIV infection and prior to the administration of
cART may be enough to irreparably alter the CNS [188, 189].

MACAQUE MODELS OF CNS
NEUROPATHOGENESIS

Nonhuman primate models of SIV have greatly expanded our
knowledge of HIV infection. These models address many ques-
tions concerning the neuropathogenesis of HIV, in part, because
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Figure 5. HIV-infected monocytes transmigrate exuberantly as com-
pared to uninfected monocytes across the BBB in response to CCL2.
Maturing monocytes cultured nonadherently with M-CSF in our sys-
tem, either HIV-infected or uninfected, were added to the top of our
in vitro model of the BBB and transmigrated in response to media
alone or 200 ng/mL CCL2 for 24 h. CCL2 resulted in significantly
higher numbers of HIV-infected transmigrated CD14�CD16� mono-
cytes relative to baseline and to the transmigration of uninfected cells
to CCL2 (*P�0.03; n�5). There was also significant transmigration of
uninfected monocytes in response to CCL2 (*P�0.03; n�5). Baseline
transmigration was similar for the HIV-infected and uninfected mature
monocytes.
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of the ability to access CSF and CNS samples during the dynamic
course of the disease, for which in humans there is limited avail-
ability. SIV is a well-accepted alternative for the study of HIV, be-
cause of the genetic similarities, phylogenetic proximity, and simi-
lar progression of the neuropathologies [190–193]. HIV and SIV
also infect many of the same cells, peripherally and in the CNS
[194–197]. Macaque models of SIVE provided much knowledge
about the pathogenesis of HAND, as SIV-infected animals prog-
ress toward disease in a reproducible, reliable time frame. Com-
monly used strains include SIVmac251 for rhesus macaques and
the simultaneous use of an immunosuppressive strain SIV/
deltaB670 and a neurovirulent SIV/17E-Fr strain in pigtailed ma-
caques [198, 199]. This pigtailed macaque model results in an
accelerated disease process, during which 90% of animals de-
velop SIVE after infection. Another model uses an anti-CD8 anti-
body in conjunction with injection of SIVmac251 to promote rapid
infection [200]. Studies performed with SIV corroborated many
of the findings implicated in promoting HIV neuropathogenesis,
such as the importance of CCL2 in mediating neuroinflamma-
tion in HAND, phenotypic changes in peripheral blood mono-
cytes, and infection of perivascular macrophages within the CNS
[35, 198, 201–203]. SIV-infected macaques have been a useful
tool in studying viral latency within the CNS and also in establish-
ing the role of monocytes as an indicator of AIDS progression
[204, 205]. Studies of SIV infection within the CNS clearly dem-
onstrate the relationships among infection of monocytes, neuro-
nal injury, and viremia [206]. SIV facilitates the study of thera-
peutics, such as the use of minocycline, an antibiotic now in clini-
cal trials as a treatment for HAND [207, 208]. Animals treated
with minocycline had decreased viral loads, which were attributed
to decreased numbers of CD14�CD16� monocytes in the blood,
suggesting that fewer of these cells would be available to enter
the CNS [36]. As a result of early viral entry into the brain and
subsequent chronic inflammation, it has been suggested that
CNS-penetrating drugs should also be administered as soon as an
individual begins cART, even before any evidence of neurologic
impairment [209].

CONCLUDING REMARKS

HAND occurs in 40–60% of HIV-infected individuals and is
largely attributed to the influx of monocytes into the brain and
the subsequent development of chronic inflammation that oc-
curs, despite antiretroviral therapy. The CD14�CD16� subset rep-
resents a mature monocyte population, which increases in the
blood of HIV-infected individuals, and due to CCL2 (and per-
haps CX3CL1) chemotactic signals, transmigrates across the BBB,
accumulates in the CNS parenchyma, and is believed to play a
critical role in promoting the series of events that leads to neuro-
cognitive impairment. This transmigration may be facilitated by
maturation-associated markers, as well as increased junctional
proteins on the monocyte, which interact with the
BMVECs of the BBB upon diapedesis. Monocytes were consid-
ered refractory to HIV infection, but recent studies demonstrate
that the mature CD14�CD16� monocyte population is suscepti-
ble to HIV infection and can be associated with high levels of
virus production. As this monocyte subset is preferentially in-
fected by HIV, upon entry into the CNS, it may produce infec-

tious virus and viral proteins and establish neuroinflammation.
Identification of markers specific to this mature monocyte sub-
population, the factors that contribute to their HIV susceptibility,
and the mechanisms that mediate transmigration into the CNS
are critical to the development of novel therapeutics targeted to-
ward preventing the neuropathogenesis of HIV.
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