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The potential for understanding the mechanism of immune
system damage by HIV-1 received an enormous boost last
year, when it was discovered that several specific chemokine
receptors are used by HIV-1 as coreceptors for entry into
target cells (1–5). It had been known for close to a decade that
the expression of human CD4, the high-affinity receptor for
HIV-1, was necessary but not sufficient for viral entry and that
a species-specific cofactor might also be required (6–8). The
long-awaited identification of the cofactors fused the seem-
ingly disparate areas of chemokine and HIV research and has
fueled extraordinary progress in a short period of time. The
recent discoveries not only provide insight into the mechanism
of viral entry, but also hold the promise to explain the
mechanism by which early viremia progresses to immunode-
ficiency. At the heart of this problem lies the paradox of why
strains of virus involved in transmission of infection differ in
their specificity for chemokine receptors from strains found
late in disease progression. In this issue of the Proceedings,
Bleul et al. (9) report on the expression patterns of the two
principal HIV-1 coreceptors on T cell subsets and thus provide
a potential clue toward resolving the mystery of the evolving
cellular tropism of HIV-1 at different stages of infection.
The recent work follows up on studies performed during the

last 6 years that had demonstrated the existence of distinct
cellular tropisms of different strains of HIV-1. Most primary
isolates of HIV-1, present throughout the course of infection,
are able to infect macrophages and primary T cells, but not
transformed T cell lines (designated as M-tropic strains). In
contrast, strains of HIV-1 that have been adapted to grow in
transformed T cell lines show a similar tropism to those that
emerge in many HIV-1-infected individuals in the later course
of infection and can infect primary T cells but not monocytes
or macrophages (T-tropic strains; refs. 10–13). The difference
in cellular tropism by different HIV-1 isolates correlates with
differences in the viral envelope glycoproteins, in particular
the third variable (V3) region of the gp120 subunit (14, 15).
Early last year, a G protein-coupled receptor CXCR4 (also

termed fusin or Lestr) was shown to allow the entry of T-tropic
strains of HIV-1 into CD41 target cells. (1). Shortly thereafter,
the natural ligand for CXCR4 was identified as the CXC family
chemokine SDF-1 (16, 17). The discovery of CXCR4, together
with a previous report demonstrating that CC family chemo-
kines (RANTES, MIP-1a, MIP-1b) inhibited HIV-1 replica-
tion (18), led to the subsequent identification of another
chemokine receptor, CCR5, as the major coreceptor for
M-tropic HIV-1 entry (2–5). The focus of this research then
rapidly shifted to studies of individuals who are repeatedly
exposed to HIV, but nevertheless remain free from infection.
Paxton et al. (19) had found that the PBMC from some highly
exposed, uninfected subjects were resistant to infection with
prototypical M-tropic viruses, but were readily infectable with
T-tropic viruses. The discoveries of HIV coreceptors led Liu

et al. (20) to quickly determine the defect as a homozygous
mutation corresponding to a 32-bp deletion in the M-tropic
receptor CCR5 (20). This remarkable finding was followed by
studies revealing that although '20% of western European
Caucasians are heterozygous and '1% are homozygous for
this mutation, no homozygous mutants were found among
.2000 HIV-1-infected cohorts (21, 22). This compelling evi-
dence that a mutation in CCR5 renders individuals apparently
resistant to infection with HIV-1 argues strongly that entry of
M-tropic strains into susceptible target cells is critically im-
portant for establishing the infection. These results also cor-
relate with earlier findings that only M-tropic strains could be
cultured from individuals shortly after acquisition of infection.
Why the absence of one HIV-1 coreceptor confers resis-

tance remains unclear. The apparently resistant individuals
have intact CXCR4 and are likely to be exposed to both
M-tropic and T-tropic viruses. The results of Bleul et al. (9)
provide a framework for a hypothesis based on differential
expression of chemokineyHIV receptors CCR5 and CXCR4
on human T cell subsets. They demonstrate that the expression
pattern of these chemokine receptors on naive or memory T
cells is largely mutually exclusive. CXCR4 is predominantly
expressed on the unactivated naive subset of T cells, whereas
CCR5 is almost exclusively expressed on the activated or
memory subset of human T cells (9). In this perspective, we
provide a model that may explain why only M-tropic virus can
transmit HIV infection.

T Cell Subsets and HIV Infection

Following selection and maturation in the thymus, T lympho-
cytes migrate into the periphery to populate secondary lym-
phoid organs. These newly exported cells are considered to be
immunologically naive in the sense that they have not encoun-
tered any foreign antigen. Once naive T cells are activated
through triggering of the T cell receptor (TCR) via the major
histocompatibility complexypeptide complexes on the surface
of antigen-presenting cells, they undergo major phenotypic
and functional changes as they proliferate. At this differenti-
ation stage, cells are referred to as activatedyeffector cells.
Some of these cells survive and revert to a resting state that is
thought to represent the memory subset of T cells (23).
Phenotypically naive and memory human T cells differ in
their expression of CD45 isoforms. Naive cells are
CD45RA1CD45RO2 and are low in the expression of various
activationyadhesion molecules, whereas memory cells are
CD45RO1CD45RA2 and express high levels of adhesion
molecules, possibly reflecting their lower requirement for
costimuli during TCR activation (24). Functionally, naive T
cells, in contrast to memory cells, lack effector functions, such
as cytokine production or B cell help, for immunoglobulin
production (24, 25). These two subsets also differ in their
migratory patterns. Naive lymphocytes traffic between sec-
ondary lymphoid organs, probably until they die or are acti-
vated by a specific antigen (26, 27). Memory and effector cells,
on the other hand, display a broad range of migratory capacity
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to tertiary lymphoid organs, such as skin or intestinal lamina
propria, and also to sites of inflammation (28).
So how would the expression pattern of chemokineyHIV

receptors on these T cell subsets be relevant to HIV infection
and perhaps AIDS pathogenesis? As mentioned above, the
M-tropic isolates of HIV-1 appear critical in establishing
persistent infection. Most primary isolates from infected in-
dividuals shortly after infection tend to use CCR5 as corecep-
tor even when the transmitting partner carries both M- and
T-tropic viruses (29). Furthermore, even in individuals who are
infected by HIV through direct inoculation of the virus, by
intravenous drug use or injection of contaminated blood
products, M-tropic viruses still predominate early in the course
of infection (30, 31). Taken together, these results strongly
suggest that, during viral transmission and early in the course
of disease, entry of HIV occurs mainly through CCR5. It is

likely that cells that are targets of initial infection lack suffi-
cient levels of CXCR4 expression for T-tropic viruses to
establish an infectious foothold.
Macrophages and dendritic cells (DC) that line the mucosal

surfaces are the most likely target cell candidates during viral
transmission. DC exposed to HIV-1 are able to transmit the
virus to CD41 T cells (32). It is also well established that the
main target cells of HIV are activatedymemory CD41 T cells.
Indeed, memory CD41 T cells are selectively infected and lost
in HIV-1 infected individuals (33). The finding by Bleul et al.
(9) that the memory subset of T cells expresses more CCR5
than CXCR4 brings forward a hypothesis as to why CCR5 may
be the key receptor during viral transmission and early stages
of infection (Fig. 1). A likely scenario would involve both
macrophageyDC and memory T cells. Conjugates of DC and
memory T cells are found in the skin and are likely to be

FIG. 1. Model for transmission of HIV-1. In this model of HIV pathogenesis, the infection is restricted to M-tropic viruses, which use CCR5
and CD4 for entry into target cells. Infection of macrophagesyDC and memory T cell conjugates activates macrophageyDC, which in turn stimulate
memory T cells. These conjugates allow productive HIV replication of M-tropic strains that eventually evolve into T-tropic or dual-tropic (strains
using both coreceptors) viruses.
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present also at external linings of organs involved in sexual
transmission of HIV-1. Such conjugates have been shown in
vitro to facilitate productive infection of T cells with HIV-1
(34). Since activation of T cells is a prerequisite for productive
infection with HIV (35, 36), infection of the DC may initiate
a program for achieving T cell activation and subsequent
infection. This could occur through the antigen-independent
activation of neighboring memory T cells by infected and
activated DC. Although DC seem to support and spread
T-tropic viruses at low levels, productive infection with M-
tropic strains that use CCR5 appears to be more effective
within the conjugates (34). This may be due to higher levels of
CCR5 expression compared with CXCR4 on these cells (9), or,
alternatively, there may be a specific signal through CCR5
upon binding of the virus, which may cause cellular activation.
Some T-tropic viruses do appear in early stages of the

infection; however, M-tropic strains remain predominant until
the late stages. The eventual transition to T-tropic strains
usually coincides with the dramatic reduction in CD41 T cell
counts and the development of full-blown AIDS. It is, how-
ever, not clear whether the transition to T-tropic strains is the
cause or the result of the sudden decline in the CD41 T cell
numbers. HIV-infected individuals have persistent T cell
activation, possibly due to the cytokine-rich milieu in the
secondary lymphoid organs. In fact, addition of recombinant
interleukin 2 to peripheral blood mononuclear cell (PBMC)
cultures allows very efficient replication of HIV-1 isolates (37).
Interestingly, Bleul et al. (9) show that both chemokine recep-
tors are up-regulated in response to IL-2 priming, an effect that
was also observed with other chemokine receptors (38), and
that mitogenic stimulation of T cells results in CXCR4 up-
regulation. Thus it can be deduced that the expression levels
of HIV coreceptors on the activated T cells within the lym-
phoid organs of HIV-infected individuals should not be a
limiting factor for entry of both M- and T-tropic viruses.
However, high levels of SDF-1 produced by stromal cells may
initially counteract this by inhibiting the replication of T-tropic
viruses, through occupation of the coreceptor (16, 17). The
disruption of the stromal architecture of lymphoid tissue may
remove this major inhibitor of T-tropic virus and enable the
late outgrowth of T-tropic strains (39).

Chemokine Receptors and Lymphocyte Homing

The results of Bleul et al. (9) are also of major interest to those
working in the field of chemoattractants and T cell migration
patterns. The ability of cells to direct movement along a
chemotactic gradient is critical for their migratory capacity.
The trafficking of leukocytes into tissues requires bidirectional
interactions with endothelial cells, mediated by selectins and
integrins, and chemotaxis through a gradient of chemoattrac-
tants (40). Chemokines are a large family of small (8- to
10-kDa) proteins that signal through specific chemokine re-
ceptors. Different chemokines have been found to differen-
tially attract distinct lymphocyte subpopulations. For example,
the CC family chemokine RANTES is a chemoattractant for
memory T cells in vitro (41). The selective chemoattractant
activity of the chemokines for lymphocyte subsets makes them
ideal molecules for directing the subsets of lymphocytes into
different tissues. SDF-1 is the first chemokine to be identified
that attracts naiveyquiescent cells (42). The preferential ex-
pression of CXCR4 on naive T cells suggests that the ligand
SDF-1 might be involved in lymph node homing of these
lymphocytes (9). SDF-1 is a member of the CXC group of
chemokines, which has a broad range of constitutive tissue
expression. Recently, it was found that mice lacking SDF-1
died perinatally and that the numbers of B cell and myeloid
progenitors were severely reduced in the bone marrow of the
mutant embryos (43). It is not clear, however, whether all
biological effects of SDF-1 are mediated through CXCR4

signaling. Analysis of mice with a targeted disruption of
CXCR4 should clarify this issue. It will be important to
examine whether preferential expression of CXCR4 on naive
T cells has an important role in their migration. It is also
conceivable that SDF-1 signals have other effects on these
cells, such as survival or maturation in the periphery.
Understanding the physiological role and regulation of HIV

coreceptors on different subsets of T cells will not only pave
the way for elucidating the interplay between these receptors
and HIV and thus their role in the pathogenesis of AIDS, but
will also guide future strategies for deploying therapeutics that
block entry of HIV into target cells.
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