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We have evaluated the in vivo distribution of the major human immunodeficiency virus/simian immunode-
ficiency virus (HIV/SIV) coreceptors, CXCR4, CCR3, and CCR5, in both rhesus macaques and humans. T
lymphocytes and macrophages in both lymphoid and nonlymphoid tissues are the major cell populations
expressing HIV/SIV coreceptors, reaffirming that these cells are the major targets of HIV/SIV infection in vivo.
In lymphoid tissues such as the lymph node and the thymus, approximately 1 to 10% of the T lymphocytes and
macrophages are coreceptor positive. However, coreceptor expression was not detected on follicular dendritic
cells (FDC) in lymph nodes, suggesting that the ability of FDC to trap extracellular virions is unlikely to be
mediated by a coreceptor-specific mechanism. In the thymus, a large number of immature and mature T
lymphocytes express CXCR4, which may render these cells susceptible to infection by syncytium-inducing viral
variants that use this coreceptor for entry. In addition, various degrees of coreceptor expression are found
among different tissues and also among different cells within the same tissues. Coreceptor-positive cells are
more frequently identified in the colon than in the rectum and more frequently identified in the cervix than in
the vagina, suggesting that the expression levels of coreceptors are differentially regulated at different anatomic
sites. Furthermore, extremely high levels of CXCR4 and CCR3 expression are found on the neurons from both
the central and peripheral nervous systems. These findings may be helpful in understanding certain aspects of
HIV and SIV pathogenesis and transmission.

Viral entry into target cells is mediated through a complex
interaction between the viral envelope proteins and specific
cellular receptors. The CD4 glycoprotein is the primary recep-
tor for human immunodeficiency virus types 1 and 2 (HIV-1
and HIV-2) and simian immunodeficiency virus (SIV) (12, 32).
However, expression of the CD4 molecule alone is not suffi-
cient for viral entry, suggesting the need for one or more
additional cellular coreceptors (4, 38). The recent identifica-
tion of multiple chemokine receptors as the coreceptors for
HIV/SIV entry has greatly assisted our understanding of
HIV/SIV pathogenesis, transmission, and tropism. Currently,
eight coreceptors, CXCR4, CCR2b, CCR3, CCR5, Bonzo
(STRL33), BOB (GPR15), GPR1, and US28, have been found
to play an essential role in HIV/SIV entry (1, 7, 9, 14–17, 19,
20, 36). Among these coreceptors, CXCR4, CCR3, and CCR5
are the major ones used by HIV isolates for efficient entry (1,
7, 16, 17, 20). Additionally, phenotypic characteristics dictate
the specific coreceptor(s) used by viral isolates (11, 49, 58).
Non-syncytium-inducing (NSI) or macrophage (M)-tropic pri-
mary viruses predominantly use CCR5, whereas syncytium-
inducing (SI) T-cell line (T)-tropic viruses preferentially use
CXCR4 (11, 49, 58). Some NSI and SI isolates also use CCR3,
although the number is extremely small. M-tropic viruses are
preferentially transmitted through sexual contact and predom-
inate in the majority of infected individuals, whereas T-tropic
viruses, which emerge during the late stages of infection, are

more virulent and are associated with higher rates of CD41-
T-cell decline (10, 48, 51, 59, 60).

The ability of viruses to infect target cells is dependent not
only on the viral phenotype but also on the availability and
expression levels of the appropriate primary receptors and
coreceptors. The primary receptor CD4 is differentially ex-
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TABLE 1. Clinical and virological characterization of the
study subjects

Study
subjecta

Status of
infectionb

Status of
disease

Duration
of infection

Viral
culturec

Tissues
testedd

Rh5685 Yes Simian AIDS 1.5 yr Positive LN, TM, GI,
GU, NS

Rh1204 Yes Asymptomatic 3–4 days Negative LN, GI, GU
Rh1208 Yes Asymptomatic 3–4 days Negative LN, GI, GU
Rh1216 Yes Asymptomatic 3–4 days Negative LN, GI, GU
Rh1360 No Healthy NAe NA LN, TM, GI,

GU, NS
Rh1366 No Healthy NA NA LN, GI, GU,

NS
Hu0009 Yes Asymptomatic 2 yr Positive LN
Hu1004 Yes Asymptomatic 4 yr Positive LN
HuVM No Healthy NA NA GU

a Rh, rhesus macaque; Hu, human.
b Determined by the presence or absence of proviral DNA in the peripheral

blood mononuclear cells (PBMC).
c Determined by in vitro coculture and the production of p27/p24 in the culture

supernatant; the detection threshold for p27 is 62.5 pg/ml (Cellular Products Inc.,
Buffalo, N.Y.), and that for p24 is 30 pg/ml (Abbott Laboratories, Chicago, Ill.).

d LN, lymph node; TM, thymus; NS, nervous system.
e NA, not applicable.
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pressed on different cell subsets, with significantly lower levels
of expression on macrophages than on T lymphocytes. The
lower level of CD4 expression has rendered macrophages rel-
atively resistant to infection by many of the primary viruses,
especially those that are heavily dependent on a high level of
CD4 expression for entry (33, 45). The coreceptors CXCR4
and CCR5 are also differentially regulated on different cell
subsets. In freshly isolated peripheral blood lymphocytes,
CXCR4 is found predominantly on naive (CD26lowCD45RA1

CD45RO2) T lymphocytes whereas CCR5 is expressed on
memory T lymphocyte subsets (CD26highCD45RA2CD45RO1)
(3, 56). The reciprocal pattern of coreceptor expression may
partially explain the previous observations that CD41 memory
T lymphocytes are preferentially infected by HIV-1 in vitro (8,
47).

The complex pattern of primary-receptor and coreceptor
expression is probably reflected by an equally complex pattern
of HIV/SIV infection in vivo. Many of the stromal and lym-
phoid cells in the bone marrow, thymus, lymph nodes, and
spleen are infected by HIV/SIV (2, 6, 21, 29, 53). In the early
stages of HIV/SIV infection of lymph nodes, the majority of
viral replication occurs primarily in macrophages and lympho-
cytes, whereas in the later stages, viral RNA is concentrated

FIG. 1. (a) Immunohistochemical localization and phenotypes of coreceptor-positive cells in an ileal lymph node from rhesus macaque 1360 (AEC with hematoxylin
counterstain; magnification, 3156 except as otherwise indicated). Some of the representative positive cells are indicated by arrowheads. The CXCR4-positive cells in
the medulla are shown at two magnifications (3156 and 3468). The CCR3-positive cells are inside and surrounding the two germinal centers. The CCR5-positive cells
are surrounding rather than inside the germinal centers. T lymphocytes and macrophages in the medulla are identified by the anti-CD3 and the anti-CD68 antibodies,
respectively. No detectable levels of coreceptors were identified on the FDC, despite the presence of an intact FDC network in the germinal center. (b) Immunohis-
tochemical localization and phenotypes of coreceptor-positive cells in an axillary lymph node from HIV-1-infected individual Hu1004 (AEC with hematoxylin
counterstain; magnification, 3600). Some of the representative positive cells are indicated by arrowheads. The CXCR4- and CCR3-positive cells in the medulla are
morphologically similar to macrophages identified by anti-CD68 antibody. A large number of T lymphocytes were identified by anti-CD3 antibody, but the
CCR5-positive cells were not visualized. No detectable levels of CXCR4, CCR3, or CCR5 on the FDC were demonstrated despite the presence of an intact FDC
network.

TABLE 2. Quantitative analysis of the number of coreceptor-
positive cells per square millimeter in various tissues from

rhesus macaques

Coreceptor Cell
typea

No. of positive cells/mm2b of:

Lymphoid
tissue GI tract GU tract Others

(CNS)
LN TM RT CL VG CV

CXCR4 M 10 2 ,1 16 ,1 9 1
T 11 160 ,1 ,1 ,1 ,1 NAc

CCR3 M 8 5 4 17 ,1 6 1
T 4 ,1 ,1 5 ,1 2 NA

CCR5 M ,1 ,1 ,1 3 ,1 1 ,1
T 18 9 8 10 ,1 1 NA

Total 51 176 12 51 ,6 19 2

a M, macrophages; T, T lymphocytes.
b Measured as the number of positive cells per square millimeter of tissue

section. Multiple sections were examined. LN, lymph node; TM, thymus; RT,
rectum; CL, colon; VG, vagina; CV, cervix.

c NA, not applicable.
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primarily in the germinal center, colocalizing with the follicular
dendritic cells (FDC) (22, 44). HIV/SIV infection of the thy-
mus has shown another level of complexity. SI viruses replicate
faster, generate higher viral titers, and cause a more severe
depletion of CD41 thymocytes than do NSI isolates (30, 50),
which suggests that the phenotypic switch from NSI to SI
during the course of infection is likely to trigger more severe
cytopathic effects on thymocytes. In addition, the mucosa-as-
sociated lymphoid tissue is a target for HIV/SIV infection.
Infectious viral particles have been successfully isolated di-
rectly from tissues of the gastrointestinal (GI) and genitouri-
nary (GU) tracts (25, 26, 37, 40, 42). The primary infected cells
in the mucosa-associated lymphoid tissue have been identified
as tissue macrophages, dendritic cells, and T lymphocytes lo-
cated in the lamina propria adjacent to the surface epithelium
(26, 27, 40–42).

Although significant advancement has been made recently in
identifying and characterizing multiple novel coreceptors for
HIV/SIV infection, the majority of these studies have been
performed in vitro. Due to the complex pattern of coreceptor
regulation and signaling by the chemokines, it is difficult to
assess the significance of a particular coreceptor without un-
derstanding the pattern and level of its expression in vivo. For
these reasons, we sought to investigate the in vivo expression
pattern of the three major coreceptors used by HIV/SIV,
CXCR4, CCR3, and CCR5, in human and rhesus monkey
tissues.

MATERIALS AND METHODS

Animals. Tissue samples were collected from four SIV-infected (5685, 1204,
1216, and 1208) and two uninfected (1360 and 1366) rhesus macaques (Table 1).
Of these four SIV-infected animals, one (5685) was at the terminal stage of SIV
infection, with clinical symptoms consistent with simian AIDS, and the remaining
three (1204, 1216, and 1208) were clinically asymptomatic at the time of nec-
ropsy. The last three animals were included in our previous studies on the effects
of progesterone implants on SIV vaginal transmission (39). These animals were
sacrificed 3 or 4 days after vaginal inoculation with SIVmac251 (39). The unin-
fected animals (1360 and 1366) were healthy at the time of necropsy. These
animals were multiparous adult females and were maintained at the Laboratory
for Experimental Medicine and Surgery in Primates (Tuxedo, N.Y.) in accor-
dance with American Association for Accreditation of Laboratory Animal Care
standards.

Tissue collection and processing. Samples were obtained from the thymus,
lymph nodes, brain, and GI (rectum and colon) and GU (vagina and cervix)
tracts of the rhesus monkeys. An axillary and a cervical lymph node were ob-
tained from two HIV-1-infected humans on combination antiretroviral therapy
(Table 1). Multiple fixed paraffin-embedded human vaginal mucosal samples
were obtained from the pathology department archive at Georgetown University
Hospital. The tissues were completely deidentified. The tissue samples were
sectioned into pieces approximately 0.3 by 0.3 by 0.3 cm, washed in phosphate-
buffered saline, and fixed in Streck’s tissue fixative (Streck Laboratories, Inc.,
Omaha, Nebr.) for 1 week. The tissue samples were then embedded into paraffin
with an automated tissue processor under heat and vacuum pressure.

Immunohistochemistry. Immunohistochemistry was performed with the
LSAB2 kit (Dako Diagnostics, Carpinteria, Calif.) as specified by the manufac-
turer. Sections approximately 8 mm thick were fixed onto positively charged
slides coated with 3-aminopropylethoxysilane. The sections were then deparaf-
finized in xylene and rehydrated through graded alcohol concentrations (100, 95,
and 70%). Citra solution (BioGenex, San Ramon, Calif.) was applied to the
sections at 90°C for 6 min to retrieve the antigens from the fixed specimens.
Immunostaining was performed for 60 min at room temperature and was devel-

FIG. 1—Continued.
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oped by the avidin-biotin-peroxidase complex technique with the chromogen
aminoethylcarbazole (AEC). The following dilutions and antibodies (all from
Dako Diagnostics), which were found to cross-react with macaque antigens, were
used: major histocompatibility complex class II, mouse anti-human-HLA-DR
(clone TAL.1B5), 1:50; an anti-lysosomal membrane antibody which is highly
expressed on monocytes/macrophages and some dendritic cells, mouse anti-
human CD68 (clone KP1), 1:33; T lymphocytes, rabbit anti-human CD3 (poly-
clonal), 1:33; and dendritic cells, rabbit anti-cow S-100 (polyclonal), 1:100. Co-
receptor-specific monoclonal antibodies were used in the following dilutions:
1:800 for mouse anti-human CXCR4 antibody 12G5; 1:50 for mouse anti-human
CCR3 antibody 7B11, and 1:20 for mouse anti-human CCR5 antibody 2D7. The
coreceptor-specific antibodies have been extensively characterized and were
found to stain strongly both fresh and activated peripheral blood mononuclear
cells (3, 18, 24, 55). They are also capable of blocking HIV-1 or HIV-2 infection
of peripheral blood mononuclear cells in vitro (18, 23, 55). 12G5 detects both
naive and memory T lymphocytes (3), whereas 2D7 readily stains activated T
lymphocytes (55). 7B11 binds strongly to eosinophils and blocks HIV-1 infection
of neuronal microglia (23, 24). All tissue sections were counterstained with
Mayer’s hematoxylin and mounted with Crystal/Mount (Biomeda, Culver City,
Calif.), and a coverslip was applied for microscopic examination. Nonreactive
mouse and rabbit antibodies of a similar isotype were used as negative controls.
Appropriate controls were run on all sections.

RESULTS

Using immunohistochemistry, we have detected numerous
coreceptor-positive cells in both lymphoid and nonlymphoid
tissues. The majority of the coreceptor-positive cells are T
lymphocytes and tissue macrophages. Although we studied
samples from six animals (Table 1), we did not observe signif-
icant differences in coreceptor expression between SIV-in-
fected and uninfected subjects. Therefore, we decided to illus-
trate the expression pattern of these coreceptors in vivo by

using one uninfected animal (1360). Additionally, human spec-
imens from the lymph nodes and vagina were studied. To
quantify the differences between various tissues, we measured
the number of coreceptor-positive cells per square millimeter
of tissue (Table 2). As shown in Table 2, significant differences
were noted between different tissues and between different cell
types within the same tissue. Approximately 51 and 176 core-
ceptor-positive cells mm22 were found in the lymph node and
the thymus, respectively. This is equivalent to 1 to 10% of the
T lymphocytes and the macrophages in the lymphoid tissue. In
the GI and GU tracts, however, the coreceptor-positive cells
were identified more frequently in the colon (51 mm22) than in
the rectum (12 mm22) and more frequently in the cervix (19
mm22) than in the vagina (,6 mm22).

Abundant expression of coreceptors in lymphoid tissues.
Figure 1a demonstrates the expression pattern of the corecep-
tors in an ileal lymph node. The CXCR4- and CCR3-positive
cells were located predominantly in the medulla and inside the
germinal center. Based on their morphological appearances,
the majority of the cells are macrophages and T lymphocytes.
However, there appeared to be variable expression of both
coreceptors. The CXCR4- and CCR3-positive cells constituted
only a small proportion of the entire cell population, suggest-
ing that the expression of coreceptors may be regulated. In a
previous report, tissue macrophages were also CCR3 positive
(24). Therefore, the coreceptor CCR3, although originally iso-
lated and cloned from eosinophils (13, 46), is unlikely to be
eosinophil specific.

FIG. 2. Immunohistochemical localization and phenotypes of coreceptor-positive cells in the thymus of rhesus macaque 1360 (AEC with hematoxylin counterstain;
magnification, 3100). Some of the representative positive cells are indicated by arrowheads. Due to the high density, the CXCR4-positive cells in the cortex are not
as obvious as in the lymph node. The CCR3-positive cells are large and irregular compared to their neighboring cells and are believed to be macrophages identified
by the anti-CD68 antibody. The majority of the CCR5-positive cells are located in the outer cortex and the central region of medulla, although a few are also identified
in the interlobular septa. The epithelial framework of the thymus is stained strongly with anti-HLA-DR antibody.
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In contrast, the expression pattern of CCR5 in the lymph
nodes was quite distinct. The majority of the CCR5-positive
cells were found in the medulla and the cortex surrounding,
rather than inside, the germinal centers (Fig. 1a). Almost all of
these cells had a typical lymphocyte morphology; however,
only a minority of the lymphocytes expressed CCR5. In addi-
tion, FDC did not express any of the three coreceptors.

The coreceptor expression pattern in a human axillary lymph
node was not significantly different from that observed in rhe-
sus macaques (Fig. 1b). The CXCR4- and CCR3-positive cells
were found primarily in the medulla and in the germinal cen-
ters. Morphologically, these cells appeared to be macrophages.
However, we could not detect CCR5-positive cells from this
specimen despite the existence of a substantial number of T
lymphocytes (Fig. 1b), suggesting that the expression of CCR5
in this node is quite limited. Furthermore, similar to rhesus
macaques, the FDC in the human lymph node did not express
CXCR4, CCR3, or CCR5 (Fig. 1b).

In the thymus, the coreceptor expression pattern was dra-
matically different from that observed in the lymph nodes.
Most of the cells in the cortex, predominantly immature T
lymphocytes, and in the central portion of the medulla, mostly
mature T lymphocytes, were positive for CXCR4 (Fig. 2). The
mature T lymphocytes, in the central portion of the medulla,
were heavily stained with anti-CD3 antibody (Fig. 2). In con-
trast, the CCR3-positive cells were rarely demonstrated in ei-
ther the cortex or the medulla. Based on the staining pattern

with S-100 and CD68 antibodies, these cells were either den-
dritic cells or macrophages. Furthermore, the CCR5-positive
cells populated two distinct regions of the thymus: the outer
cortex and the central region of medulla. The cells in the outer
cortex were invariably larger than those in the deep medulla
(Fig. 2), consistent with the morphological appearance of lym-
phoblasts (5). The smaller cells in the deep medulla, believed
to be the daughter cells of lymphoblast mitosis, are likely to be
mature T lymphocytes (5). As observed in the lymph node and
the spleen, CCR5 was expressed on a minority of the mature
and immature T lymphocytes in the thymus.

Differential expression of coreceptors in different propor-
tions of the GI tract. In the rectum, the CXCR4-positive cells
were infrequent, had a morphology similar to the macrophages
or dendritic cells stained by anti-CD68 and anti-HLA-DR an-
tibodies, and were located primarily in the lamina propria (Fig.
3). In contrast, the CCR3-positive cells were readily detected
in the lamina propria and were morphologically similar to
macrophages and dendritic cells stained by anti-CD68 and
anti-S-100 antibodies, respectively. Many of the eosinophils
located in the lamina propria were also CCR3 positive (data
not shown). A large number of CCR5-positive cells were iden-
tified in the rectum, had a morphological appearance similar to
T lymphocytes (Fig. 3), and were randomly distributed in the
lamina propria. As noted above for the lymphoid tissues, the
coreceptor-positive cells constituted only a small proportion of
the entire lymphocyte and macrophage population.

FIG. 3. Immunohistochemical localization and phenotypes of coreceptor-positive cells in the rectum of rhesus macaque 1360 (AEC with hematoxylin counterstain;
magnification, 3154 except as otherwise indicated). Some of the representative positive cells are indicated by arrowheads. The CXCR4-positive cells are minimal and
are barely visible at high magnification (3462). The CCR3- and CCR5-positive cells are located primarily in the lamina propria. A large number of T lymphocytes,
macrophages, HLA-DR-positive cells, and dendritic cells are readily detected.
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The expression of CXCR4 was higher in the colon than in
the rectum (Fig. 4; Table 2), although the location, morpho-
logical appearance, and staining characteristics of the CXCR4-
positive cells in the colon were similar to those observed in the
rectum (Fig. 4). The CCR3-positive cells were also abundant in
the colon and were morphologically similar to macrophages,
dendritic cells, or T lymphocytes. The lamina propria eosino-
phils were also positive for CCR3 (data not shown). The
CCR5-positive cells were frequently identified in the lamina
propria and had a morphological appearance typical of either
macrophages or lymphocytes (Fig. 4). The coreceptor distribu-
tion is consistent with previous studies in which virus-infected
cells are identified predominantly as T lymphocytes and mac-
rophages in the lamina propria adjacent to the surface epithe-
lium (26, 27).

The cervical mucosa expresses high levels of coreceptors in
the GU tract. We could not demonstrate coreceptor expression
in the vagina in multiple samples from either infected or un-
infected rhesus macaques (Fig. 5a) or from an uninfected hu-
man (Fig. 5b), despite the presence of a large number of T
lymphocytes, macrophages, and HLA-DR-positive cells in the
submucosa.

In the cervix, many coreceptor-positive cells were detected. The
CXCR4-positive cells, which appeared morphologically as tissue
macrophages or dendritic cells, were located in the lamina pro-
pria beneath the columnar epithelium, whereas a few positive

cells were also found in the epithelial lining (Fig. 6). The CCR3-
positive cells, either macrophages or dendritic cells, were also
prevalent in the lamina propria (Fig. 6). However, only a few
CCR5-positive cells were identified in this tissue. These cells were
located in the lamina propria adjacent to the epithelial layer and
appeared morphologically as T lymphocytes (Fig. 6).

High levels of CXCR4 and CCR3 are expressed in the cen-
tral and peripheral nervous systems. In the brain and regional
ganglia of the rhesus macaque, neurons expressed extremely
high levels of CXCR4 and CCR3, especially in the cell body
(Fig. 7). In addition, macrophages located primarily in the
walls of small blood vessels expressed CXCR4 (data not
shown) and CCR3, which had previously been found to be the
major targets for HIV/SIV infection in the central nervous
system (CNS) (34). In contrast to CXCR4 and CCR3, CCR5
could not be demonstrated in the neurons or the regional
ganglia. Oligodendrocytes in the CNS, which stained strongly
with S-100 antibody, were negative for all three coreceptors
(Fig. 7). The Schwann cells in the regional ganglia, although
highly positive for HLA-DR and S-100, were also negative for
all three coreceptors (Fig. 7).

DISCUSSION

We have studied the in vivo distribution of the chemokine
receptors CXCR4, CCR3, and CCR5, which are the major

FIG. 4. Immunohistochemical localization and phenotypes of coreceptor-positive cells in the colon of rhesus macaque 1360 (AEC with hematoxylin counterstain;
magnification, 3164 except as otherwise indicated). Some of the representative positive cells are indicated by arrowheads. The CXCR4-positive cells are demonstrated
in the lamina propria (magnifications, 3164 and 3492). Both the CCR3- and CCR5-positive cells are shown in cross section and longitudinal section. Numerous T
lymphocytes and macrophages are detected in the lamina propria. S-100 antibody avidly stains the dendritic cells in the lamina propria as well as the nerve fibers from
the unnamed plexus.
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FIG. 5. (a) Immunohistochemical localization and phenotypes of coreceptor-positive cells in the vagina of rhesus macaque 1360 (AEC with hematoxylin counter-
stain; magnification, 3400). Some of the representative positive cells are indicated by arrowheads. No CXCR4-, CCR3-, or CCR5-positive cells were identified in the
lamina propria of the vagina, despite the presence of a large number of T lymphocytes, macrophages, and dendritic cells, stained by anti-CD3, anti-CD68, and anti-S-100
antibodies, respectively. (b) Immunohistochemical localization and phenotypes of coreceptor-positive cells in the vagina of human HuVM. The arrowheads indicate
some of the HLA-DR-positive cells (AEC with hematoxylin counterstain; magnification, 3600). As in rhesus macaque 1360, no CXCR4-, CCR3-, or CCR5-positive
cells were identified in the lamina propria of the vagina.
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coreceptors for HIV/SIV infection. Although we did not eval-
uate the distribution pattern of other chemokine receptors in
this study, the future availability of reagents such as high-
quality antibodies specific for other chemokine receptors will
certainly make this type of study possible. It should be empha-
sized that other chemokine receptors such as CCR1, CCR2b,
Bonzo (STRL33), BOB (GPR15), GPR1, and US28 may also
play some roles in HIV/SIV pathogenesis.

In this study, we found that T lymphocytes and macrophages
in both lymphoid and nonlymphoid tissues represent the ma-
jority of the coreceptor-positive cells, reaffirming that these
cells are the major targets for HIV/SIV infection in vivo and
therefore are potentially subject to viral cytopathic conse-
quences. The high level of coreceptor expression may also
explain the initial and persistent viral (HIV/SIV) infection of
lymphoid tissues throughout the course of infection (21, 22, 29,
44). In addition, the high level of CXCR4 expression on both
immature and mature thymocytes is likely to render these cells
particularly susceptible to the SI isolates. Our finding is con-
sistent with reports that SI isolates are relatively thymocyte
tropic and replicate faster than NSI isolates both in vitro and

in SCID-hu mice (30, 31, 50). Therefore, HIV/SIV can mediate
lymphocyte depletion by directly infecting and replicating in
thymocytes in vivo during all stages of T-lymphocyte matura-
tion. The phenotypic switch from NSI to SI during infection is
also likely to trigger more severe cytopathic effects in the
thymus. Furthermore, the failure to detect coreceptor expres-
sion on FDC despite the presence of an intact FDC network
suggests that the trapping and presentation of viral particles to
target T lymphocytes in germinal centers is independent of
coreceptors.

Coreceptor-positive cells are frequently identified in both
the GI and GU tracts. However, the level of expression is
generally higher in the proximal than the distal parts of the GI
and GU tracts, suggesting that the expression may be differ-
entially regulated. Since only a small proportion of the mac-
rophages and the T lymphocytes express the coreceptors, a
strict regulatory mechanism may govern the timing, the loca-
tion, and the level of coreceptor expression. Although the exact
mechanism is currently unknown, we believe that the degree of
cellular maturation, the level of activation, and the concentra-
tion of the coreceptor-specific chemokines (e.g., SDF-1 and

FIG. 6. Immunohistochemical localization and phenotypes of coreceptor-positive cells in the cervix of rhesus macaque 1360 (AEC with hematoxylin counterstain;
magnification, 3400). Some of the representative positive cells are indicated by arrowheads. The majority of the CXCR4- and CCR3-positive cells are believed to be
macrophages or dendritic cells and are located primarily in either the lamina propria or the epithelial lining. The CCR5-positive cells are located adjacent to the
epithelium. A few HLA-DR-positive cells are also located below the epithelium.
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b-chemokine within the tissue environment are all likely to
affect the level of coreceptor expression.

The coreceptor-positive T lymphocytes and macrophages in
the distal portion of the GI and GU tracts may serve as a portal
of viral entry as well as a source of viral dissemination. Based
on our current knowledge, NSI rather than SI viruses are
predominantly transmitted through the GI and GU tracts (59,
60), which suggests the existence of selective pressure in favor
of NSI isolates during sexual contact. Is this selective pressure
imposed on the viral replication rate, the preferential usage of
certain coreceptors, or the degree of cytopathicity? In the
rectum, since numerous CCR5- and CCR3-positive cells are
readily detected in the lamina propria whereas the CXCR4-
positive cells are barely visible, the coreceptor expression pat-
tern may serve as one selective pressure for initial infection
by NSI isolates. In contrast, the expression pattern of corecep-
tors in the GU tract is quite different. Although we did not
detect coreceptor expression in the vagina, a large number of
CXCR4- and CCR3-positive, but not CCR5-positive, cells are
frequently identified in the cervix. Coreceptor expression in the

GU tract is therefore not necessarily in favor of CCR5-using or
NSI viruses. One intriguing question raised from this observa-
tion is whether the coreceptor CXCR4 can be utilized initially
if SI isolates are present in the inoculum. That individuals who
have homozygous defective CCR5 are indeed infectable by an
SI isolate may indicate that CXCR4 can actually be used dur-
ing the sexual transmission (43, 52). A simian/human immu-
nodeficiency virus strain which uses exclusively CXCR4 in vitro
can also penetrate the GU mucosal barrier and establish in-
fection in a rhesus macaque (6a). Collectively, these findings
suggest that not only CCR5 but also CXCR4 can be used
during sexual transmission. Both host factors and the pheno-
typic composition of the infecting virus will influence corecep-
tor selection during this process. The delineation of the selec-
tion process will require further investigation.

Consistent with previous reports, a high level of CXCR4 was
found on the neurons in both the CNS and the peripheral
nervous system (28, 35, 54, 57). In addition, we found a high
level of CCR3 in neuronal tissues. Other chemokine receptors
such as CXCR2 and the Duffy antigen are also expressed in

FIG. 7. Immunohistochemical localization and phenotypes of coreceptor-positive cells in the brain (upper two panels) and in the regional ganglia (lower two panels)
of rhesus macaque 1360 (AEC with hematoxylin counterstain; magnification, 3200 except as otherwise indicated). Some of the representative positive cells are indicated
by arrowheads. Neurons in the brain and regional ganglia express high levels of CXCR4 (magnifications, 3400 and 3600) and CCR3 (magnification, 3400) but no
detectable level of CCR5 (magnification, 3400). Macrophages located on the wall of small blood vessels (magnification, 3600) are also positive for CXCR4 (data not
shown) and CCR3 (magnification, 3400). S-100 antibody stains oligodendrocytes in the CNS (magnification, 3600) and Schwann cells in the regional ganglia. Schwann
cells are also positive for HLA-DR.
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neurons, but the biological function of these chemokine recep-
tors in neuronal development, function, and disease remains to
be determined (28). The level of expression may also promote
the entry of CD4-independent viral isolates, found primarily
among HIV-2 strains (18). An intriguing finding, however, is
that the macrophages located primarily in the walls of small
blood vessels are also positive for CXCR4 and CCR3. These
perivascular macrophages or microglia, previously shown to be
the targets of HIV/SIV infection (34), can therefore serve as a
mechanism for viral dissemination to the CNS.
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