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Identification of T lymphocytes in simian
immunodeficiency virus encephalitis: Distribution
of CD8+ T cells in association with central nervous
system vessels and virus
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Norman L Letvin,1 Igor J Koralnik,1,3 Andrew Lackner,4 Ronald S Veasey,4 and Kenneth Williams1

Division of Viral Pathogenesis, Departments of 1Medicine, and 3Neurology, Beth Israel Deaconess Medical Center,
Harvard Medical School, Boston, Massachusetts, USA; 2Department of Comparative Pathology, Harvard Medical School,
New England Regional Primate Research Center, Southborough, Massachusetts, USA; 4Tulane Regional Primate
Research Center, Tulane University Health Sciences Center, Covington, Louisiana, USA

T lymphocytes are found within brains infected with human immunodeficiency
virus (HIV) or simian immunodeficiency virus (SIV) where they are a minor,
but consistently identified, population. However, little analysis of their phe-
notypes has been done, and questions concerning whether or not they are
viral antigen specific has not been thoroughly examined. We investigated the
central nervous system (CNS) of SIV-infected rhesus macaques to identify T-
lymphocyte subsets in relation to virus-infected cells and brain microvessels.
We have found that a sensitive antigen-retrieval technique greatly enhanced
immunohistochemical detection of CD4+ and CD8+ T lymphocytes in control
studies. In encephalitic brains of SIV-infected monkeys with acquired immun-
odeficiency syndrome (AIDS), we found a significant accumulation of CD8+ T
lymphocytes but little-to-no accumulation of CD4+ T lymphocytes. CD4+ cells,
when detected, were mostly monocyte/macrophages closely associated with
CNS vessels. Using a combination of in situ hybridization for SIV RNA, and
immunohistochemistry for CD8+ T lymphocytes and/or Glut-1 for endothelial
cells on brain microvessels, we found CD8+ T lymphocytes with an angiocen-
tric distribution often adjacent to virus-infected cells. In the CNS of animals
with SIV encephalitis, there was a trend of CD8+ T lymphocytes that were
not directly juxtaposed with CNS vessels. These data suggest that in brains of
SIV-infected monkeys and HIV-infected humans, CD8+ T lymphocytes traffic
to and are retained in the CNS in an angiocentric and possibly antigen-specific
manner. Journal of NeuroVirology (2004) 10, 315–325.
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Introduction

The central nervous system (CNS) has long been
considered as an “immune-privileged” site, devoid of
cellular elements of the immune system (Broadwell
et al, 1990; Streilein, 1995). Evidence of T lym-
phocytes and monocyte/macrophages infiltrating the
CNS under noninflammatory conditions and inflam-
mation with viral infection and autoimmune disease
showed that the CNS is partially immune privileged
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(Hickey, 1991; Griffin et al, 1992; Williams and
Hickey, 1995). Recent studies underscore the poten-
tial importance of these cells, especially the CD8+
T-lymphocyte subset, in CNS immunity and viral in-
fection, suggesting a need for the reevaluation of their
role in CNS diseases (Katsetos et al, 1999; Babbe
et al, 2000; Lellouch-Tubiana et al, 2000; Bauer et al,
2001; Bien et al, 2002; Togo et al, 2002; Petito et al,
2003).

Involvement of T lymphocytes in the neuropatho-
genesis associated with human immunodeficiency
virus (HIV) and its close relative simian immunod-
eficiency virus (SIV) has been suspected for many
years. Earlier studies investigating HIV-infected
humans and SIV-infected rhesus macaques identi-
fied infiltrating T lymphocytes in the brain (Vazeux
et al, 1987; Parravicini et al, 1989; Porwit et al,
1989; Lackner et al, 1991; Bell et al, 1993;
Weidenheim et al, 1993; Boche et al, 1999). However,
this group of immune cells has received little atten-
tion, in part, due to the lack of antibodies that label
CD4 and CD8 T-cell antigens in paraffin-embedded
tissues.

In the present study, we examined the brains of
SIV-infected rhesus macaques using human CD4 and
CD8 monoclonal antibodies (mAbs) and an antigen-
retrieval technique for optimal treatment of paraffin-
embedded tissues to increase the immunohisto-
chemical labeling (Mason et al, 1992; Williamson
et al, 1998). Using this technique, we can reli-
ably visualize T lymphocytes in paraffin-embedded
simian tissues and study T-lymphocyte subsets in
the monkey brain. We employed these antibodies
and combined in situ hybridization for SIV RNA
and immunohistochemistry for CNS endothelial cells
on microvessels to investigate the distribution of
T lymphocytes in SIV encephalitis (SIVE) and to
study their possible traffic and retention. We found
both CD4+ and CD8+ T lymphocytes in CNS tis-
sues, with a preponderance of CD8+ T lympho-
cytes in perivascular cuffs and the parenchyma.
When CD4+ T lymphocytes were found, they were
in the meninges and choroid plexus. Within the
CNS parenchyma, the majority of CD4 antigens were
found on perivascular macrophages and multinucle-
ated giant cells (MNGCs) and scattered parenchy-
mal microglia. Multilabel immunohistochemistry for
CD8+ lymphocytes, Glut-1–positive CNS endothe-
lium coupled with in situ hybridization for SIV
RNA showed that CD8+ lymphocytes in the CNS
were associated with CNS vessels and virus-infected
cells. A few scattered CD8+ T cells were found
in the parenchyma, primarily in the white matter,
and were often also found associated with virus-
infected cells. These observations underscore the role
of CD8+ T lymphocytes in the CNS of viral encephali-
tis and suggest that these cells traffic to and are re-
tained in the CNS possibly in an antigen-specific
manner.

Results

We first evaluated the effectiveness of anti-human
CD4 (clone 1F6) and CD8 (clone 1A5) mAbs to detect
CD4 and CD8 antigens in paraffin-embedded mon-
key and human tissues. Initially, paraffin sections
of spleen and lymph node from normal and SIV-
infected monkeys and normal human tonsil were
tested with different antigen-retrieval techniques in-
cluding proteinase K digestion, microwave pretreat-
ment with 1 mM EDTA (pH 8.0) or 0.01 M sodium
citrate buffer (pH 6.0), and pressure cooker treat-
ment with Trilogy (EDTA solution). No distinct pos-
itive staining was observed without antigen retrieval
on any of the paraffin-embedded tissues examined
(data not shown). CD4- and CD8-stained cells were
readily and consistently detected only after pressure
cooker pretreatment with Trilogy (Figures 1, 2). In
addition to analysis of CD4+ and CD8+ T cells in
lymph node, spleen, and tonsil, the pressure cooker
and Trilogy antigen-retrieval methods also resulted
in intense and specific staining of CD8+ and CD4+
lymphocytes and CD4+ CNS macrophages within
SIV-infected brain tissues (Figures 1, 2). Most cells
expressing CD4 antigens in SIV-infected brain had
histiocytic, rather than lymphocytic, morphological
characteristics. These CD4+ cells included perivas-
cular macrophages, MNGCs, and scattered process-
bearing cells consistent with parenchymal microglia
(Figure 2). Because different antigen-retrieval meth-
ods can generate neo-antigens resulting in nonspe-
cific staining, we compared the results of immuno-
histochemistry on lymph node, spleen, and brain of
formalin-fixed, paraffin-embedded tissues, with im-
munohistochemistry on frozen tissue sections from
the same organs of the same animals. In all cases,
these results were comparable with regard to anti-
body sensitivity, and the distribution and morphol-
ogy of CD4- and CD8-immunoreactive cells, although
the morphology of lymphoid tissues in formalin-fixed
tissues was superior to that of frozen tissue sections
(Figure 1).

To investigate the frequency and distribution of
T lymphocytes in brains of SIV-infected rhesus
macaques, we studied animals with acquired im-
munodeficiency syndrome (AIDS) and SIVE (SIVE)
as well as SIV-infected animals with AIDS and
without encephalitis (SIVnoE), SIV-infected animals
sacrificed at peak viremia (14 days post infection
[d.p.i.]; viremic), and normal uninfected controls
(Table 1). To distinguish the CD4+ and CD8+ lym-
phocytes from brain macrophages and natural killer
(NK) cells that also express CD4 and CD8 respec-
tively, but not CD3, we performed double-label ex-
periments with an anti-CD3 polyclonal antibody and
anti-CD4 or anti-CD8 (Figures 2, 3). In addition, we
used an anti–Glut-1 polyclonal antibody, which la-
bels endothelial cells in CNS microvessels, to as-
sess the association of T cells with CNS vessels. CD4
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Figure 1 Immunohistochemical staining of SIV-infected rhesus monkey tissues with anti-CD8 mAb, clone 1A5; comparing paraffin
(A, C, D) and cryostat sections (B, E). (A) CD8 reactivity within the paracortex of a lymph node using paraffin-embedded tissues.
(B) CD8 reactivity within the paracortical area of a lymph node, demonstrated on fresh-frozen lymph node. Note: Superior morphology
of CD8+ T lymphocytes in paraffin-embedded sections (left panel) than frozen sections (right panel). (C) CD8 reactivity on T lymphocytes
surrounding an arteriole within the splenic white pulp demonstrated using paraffin-embedded tissue. (D) CD8 reactivity on lymphocytes
within an SIVE lesion demonstrated using paraffin-embedded CNS tissue. (E) CD8 reactivity within an SIVE lesion using fresh frozen
CNS tissues. Data presented here are representative of two SIV-infected rhesus macaques with AIDS. 400× magnification.

immunoreactivity in animals with AIDS and SIVE
was found in the meninges, perivascular cuffs, and
scattered cells in the parenchyma (Figure 2). The
majority of these cells were associated with Glut-
1–positive CNS endothelial cells. The morphology
of the cells expressing CD4 antigens was consistent
with CNS macrophages. Double-label immunohis-
tochemistry with CD3 and CD4 antibodies showed
little-to-no colocalization of CD3 with the CD4+
cells confirming that very few if any CD4+ T lym-
phocytes are present in the CNS parenchyma of
these animals (Figure 2C). When CD4+ T lympho-
cytes were detected, they were mainly confined to
the meninges and choroid plexus. In noninfected
control and viremic animals, CD4-stained cells were
not detected in the parenchyma; however, CD4+
macrophages and rare CD4+ lymphocytes were found
in the meninges and choroid plexus (data not shown).
All of the SIVE cases examined contained variable

numbers of CD8-positive cells in the perivascular
cuffs and the brain parenchyma (Figure 3) and had
significantly higher number of CD8+ T lymphocytes
(mean ± SEM, 87.4 ± 19.5 cells/50 mm2) than con-
trol (9.4 ± 2.0), viremic (9.3 ± 2.6), and SIVnoE
cases (13.8 ± 3.1) (P < .01, Tukey HSD test; Table 1;
Figure 4A). These CD8+ cells displayed intense
membrane staining and were lymphoid cells based
on morphology. In noninfected control, viremic, and
SIVnoE animals, a few scattered CD8-positive cells
were found exclusively confined to the meninges
and perivascular cuffs. Double-label immunohisto-
chemistry for CD3 (pan-T-cell marker) followed by
CD8 demonstrated that the majority of CD3 T cells
in the brain parenchyma of all cases examined in
this study were also CD8-positive T lymphocytes
(Figure 3C, Table 1). When these CD8+ T lympho-
cytes were characterized for their distribution rela-
tive to Glut-1–positive CNS vessels, we found that
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Figure 2 Representative immunohistochemistry of paraffin-embedded CNS tissues from animals with AIDS and SIVE using anti-CD4
mAb, clone 1F6. (A) Single-color immunohistochemical detection of CD4 reactivity on cells in the perivascular cuffs (brown reac-
tion product). (B) Double-label immunohistochemistry showing the association of CD4-stained cells (brown) with CNS vessels labeled
with anti–Glut-1 antibody (red). (C) Double-label immunohistochemistry with anti-CD4 mAb (brown) and polyclonal anti-CD3 antibody
(blue) showing no colocalization of CD4-stained cells with CD3+ T lymphocytes, indicating these CD4+ cells are primarily perivascular
macrophages. Data presented here are representative of immunohistochemical staining of nine rhesus macaques with AIDS and SIVE.
400× magnification.

Figure 3 Immunophenotype and accumulation of CD8+ cells. (A) Single-color immunohistochemical detection of CD8+ cells near CNS
vessels (brown). (B) Single-color immunohistochemical detection of CD3+ T lymphocyte (blue). (C) Double-label immunohistochemistry
for CD3 followed by CD8 show that essentially all of the CD8+ cells are CD3+ T lymphocytes (colocalized brown-blue reaction product
with a black rim). Glut-1 (red). Inset: Representative double-stained (CD3+/CD8+) small round lymphocyte. Data presented here are
representative of immunohistochemical staining of rhesus macaques with AIDS and SIVE (n = 9). 400× magnification.

in the SIVE group, CD8+ cells were more diffusely
involved in the white matter than in the non-SIVE
groups where infiltration of the CNS by these cells
was tightly confined to the perivascular cuffs. The
significantly reduced percentage of CD8+ T lympho-
cytes associated with vessels in SIVE (P < .01) may
represent the extravasation of these lymphocytes into
the perivascular space and the subsequent infiltra-
tion into the brain parenchyma (Table 1, Figure 4B).
There is also a trend towards inverse correlation
between the number of total CD8+ T cells and the
percentage of CD8+ T cells associated with vessels
(r2 = .42, P < .0001; Figure 5).

Next we performed in situ hybridization for vi-
ral nucleic acids on monkey tissues followed by
immunohistochemistry for CD8+ T lymphocytes. A
combined in situ hybridization for SIV RNA and
immunohistochemistry for CD8 antigen was per-
formed to visualize virus-infected cells and CD8+
T lymphocytes in CNS of SIV-infected monkeys
with AIDS and SIVE (Figure 6). In situ hybridiza-

tion for SIV RNA showed many SIV-infected cells,
including perivascular macrophages, MNGCs, and
macrophages in SIVE lesions, as has been re-
ported previously (Chakrabarti et al, 1991; Hurtrel
et al, 1991; Lane et al, 1996; Reinhart et al, 1997;
Williams et al, 2001). Often, these cells were asso-
ciated with Glut-1–positive CNS endothelial cells
on microvessels. Double-label in situ hybridization
for SIV RNA and immunohistochemistry for CD8+ T
lymphocytes demonstrated an accumulation of CD8+
T lymphocytes within SIVE lesions that consisted of
SIV RNA–positive cells (Figure 6). The majority of
CD8+ T lymphocytes were located within or around
these SIVE lesions (mean 66.2%) (Table 1, Figure 6).
In addition to these CD8 lymphocytes, a few scattered
CD8+ T lymphocytes also were found within the CNS
parenchyma. When found, these cells were predom-
inantly in the white matter. Interestingly, in several
instances we found individual CD8 T lymphocytes
in the white matter parenchyma that were in contact
with SIV RNA–positive cells, suggesting these cells,
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Table 1 Number and distribution of CD8+ T lymphocytes in the cerebrumsa of SIV-infected macaques

CD8 + cells in with CD8 + cells in proximity
CD8+/CD3+ CD8+ cells per 50 mm2 vessels association to infected cells

Case (%) b CNS tissue (% of all CD8 + cells) c (% of all CD8+ cells) c

Control (9.4 ± 2.0) (89.5 ± 3.6)
01072a 96.6 13.0 93.5 n.a.
01072b 93.9 20.6 94.9 n.a.
01072c n.d. 11.8 n.d. n.a.
03084a 100 6.0 88.9 n.a.
03084b n.d. 13.8 71.2 n.a.
03084c n.d. 6.1 89.3 n.a.
03084d n.d. 10.0 78.5 n.a.
03393a 100 1.4 100 n.a.
03393b 100 2.2 100 n.a.
Viremic (9.3 ± 2.6) (94.5 ± 2.3)
99493 97.1 18.5 91.9 n.a.
99513 97.2 12.0 89.7 n.a.
01409 100 5.2 90.9 n.a.
01531 77.8 4.7 100 n.a.
01532 91.7 6.3 100 n.a.
SIVnoE (13.8 ± 3.1) (87.3 ± 3.2)
95212a 88.2 21.9 88.2 n.a.
95212b 86.2 25.9 90.4 n.a.
97248 100 1.5 100 n.a.
04052a 100 6.5 100 n.a.
04052b n.d. 8.0 100 n.a.
04055 84.4 10.8 71.1 n.a.
04060a 98.0 13.5 84.7 n.a.
04060b n.d. 36.9 83.2 n.a.
04073a 100 7.7 69.2 n.a.
04073b n.d. 9.8 88.0 n.a.
04080 n.d. 9.7 85.7 n.a.
SIVE (87.4 ± 19.5)∗ (68.8 ± 3.2)∗ (66.2 ± 2.9)
92620 98.2 60.3 66.7 78.2
95346 n.d. 203.7 n.d. 57.9
97076 n.d. 66.3 n.d. 56.5
99732 n.d. 86.1 n.d. 65.9
99750a 91.1 28.5 70.5 79.1
99750b 90.9 20.5 75.4 68.6
01031a 89.9 92.8 71.3 73.5
01031b 91.4 93.9 70.6 69.5
01227 91.1 20.0 77.9 63.0
01622 98.6 234.5 58.2 50.2
03762a n.d. 52.8 66.3 n.d.
03762b n.d. 89.3 62.8 n.d.

n.a. = not applied because of no infected cell; n.d. = not determined.
aParenchymal and perivascular CD8+ and CD3+ cells were counted, and T cells in the choroid plexus, the meninges, and the lumen of
blood vessels were not taken into account.
bCalculated in a single section of the cortex in every case with double immunostaining.
cCD8+ cells located in close contact with or within a three-lymphocyte distance from vessels or infected cell were counted.
The numbers in parentheses are the mean number of CD8+ cells ± SEM or the mean percentage of CD8+ cells in association with vessels
of each group. ∗ P < .01 when all pairs of the groups were compared using an ANOVA with Tukey-Kramer HSD test.

similar to CD8 lymphocytes in SIVE lesions, might
be SIV antigen specific (Figure 6C, inset).

Discussion

CD4+ and CD8+ T lymphocytes play a critical role
in immune control of HIV/SIV infection. The precise
role of CD4+ and CD8+ T cells and their antigen-
specific traffic and retention in the CNS of HIV-
infected patients have not been extensively exam-
ined. Although HIV-specific CD4+ lymphocytes have
not been found in the cerebrospinal fluid (CSF) of hu-

mans, virus-specific CD8+ T-cell clones were derived
from the CSF of HIV-infected patients (Sethi et al,
1988; Jassoy et al, 1992), and CD8+ T cells in CSF
and brains of SIV-infected monkeys were shown to be
antigen specific (von Herrath et al, 1995; Sopper et al,
1998; Marcondes et al, 2003). To determine whether
T cell–mediated immunity occurs in HIVE and the
role of lymphocyte subsets in CNS immunity and
neuropathogenesis of AIDS, it is essential to charac-
terize the infiltrating T cells of inflammatory lesions
in the CNS. In the present study, we have identified
subsets of T cells reliably in paraffin-embedded mon-
key CNS tissues using the pressure-cooking treatment
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Figure 4 Number of CD8+ T lymphocytes and their association
with microvascular endothelium during SIV infection. Differences
in total number of CD8+ T lymphocytes (A) and percentage of
CD8+ T lymphocytes associated with vessels (B) between con-
trols and SIV-infected brains. The box plots summarize the dis-
tribution of points in each group. The box ends are the 25th
and 75th quantiles and the line across the middle is the median
value. All pairs of groups were compared using an ANOVA with
Tukey-Kramer HSD test for comparisons at the 99% confidence
level. ∗Different when compared with control, viremic, and SIVnoE
groups.

Figure 6 Combined immunohistochemistry for CD8+ T lymphocytes and in situ hybridization for virus-infected cells in formalin-fixed,
paraffin-embedded CNS tissues of animals with AIDS and SIVE. (A) Single-color immunohistochemistry demonstrating CD8 reactivity
on lymphocytes within the CNS (brown). (B) Single-color in situ hybridization for SIV RNA in the CNS (purple). (C) Double-label in situ
hybridization for SIV (purple) and immunohistochemistry for CD8+ T lymphocytes (brown). Inset: CD8+ T cell in close contact with
SIV RNA–positive (infected) cell. Data presented here for SIV infection are representative of immunohistochemical staining of rhesus
macaques with AIDS and SIVE (n = 9). 400× magnification.

Figure 5 Relationship between the number of total CD8+ T cells
and the percentage of CD8+ T cells associated with blood vessels
for all cases examined. Scatter plot and bivariate linear fit show a
moderate but significant inverse correlation between two parame-
ters with r2 = .42 (P < .0001).

for optimal antigen retrieval and the mAbs specific
for CD4- and CD8-positive cells.

SIV-infected monkeys are crucial for studies of
HIV neuropathogenesis because simian AIDS closely
resembles the human counterpart and because SIV
causes virus-associated neurological lesions in mon-
keys similar to those in patients with AIDS (Lackner,
1994). To define infiltrating T-cell populations in neu-
ropathogenesis, we performed immunohistochemi-
cal analyses of the brains of rhesus macaques, us-
ing SIV model of neuroAIDS. T lymphocytes in
paraffin sections of SIV-infected brains were im-
munophenotyped with the anti-human CD4 and CD8
clones and a polyclonal antibody to CD3 (pan-T-cell
marker) all of which function in rhesus macaque
tissues. Then to investigate their distribution in as-
sociation with CNS vessels and virus, double-label
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immunohistochemistry for CD8 antigens with an
endothelial cell marker (Glut-1) and combined im-
munohistochemistry and in situ hybridization for vi-
ral nucleic acids were done.

Although we did not observe a significant accumu-
lation of T lymphocytes in nonencephalitic brains in-
cluding control, viremic, and SIVnoE cases, we found
abundant CD3+/CD8+ T cells in most SIVE cases ex-
amined. Although this suggests direct association be-
tween SIV neuropathology and the number of CD8+
T lymphocytes, whether the accumulation of CD8+
T lymphocytes in brains of animals with SIVE re-
sults from immune response against virus-infected
cells and/or contributes further to the development
of SIV-induced CNS injury has not been addressed in
this study.

CD8+ lymphocytes were not only similar in fre-
quency and distribution to the CD3+ T lympho-
cytes, but double-label experiments confirmed that
CD3+CD8+ lymphocytes comprise the vast majority
of CD3+ T cells regardless of the total number of T
cells in the brain parenchyma. This finding gener-
ally agrees with previous reports in SIVE and HIVE
(Pumarola-Suneet al, 1987; Parravicini et al, 1989;
Porwit et al, 1989; Lackner et al, 1991; Iwasaki et al,
1993; Boche et al, 1999). A recent report in humans
described CD3, CD45RO, CD4, and CD8 lymphocytes
in the CNS of patients with AIDS and HIVE (Petito
et al, 2003). In this study, CD3 and CD45RO cells
were strongly immunoreactive, although both CD4
and CD8 were not. The authors stated that there
were fewer CD4- and CD8-positive cells than CD3-
positive cells, which might, in part, be attributed
to variability between antibodies and technical is-
sues. This report found CD4+ T lymphocytes in the
CNS of patients with AIDS and HIVE, in contrast to
our study. Our finding of a preponderance of CD8+
T lymphocytes over CD4+ lymphocytes in SIVE le-
sions is consistent with prior reports in SIV-infected
rhesus macaques (Chakrabarti et al, 1991; Lackner
et al, 1991). More recently, a study of HIV-infected
patients with and without highly active antiretrovi-
ral therapy (HAART), some of whom had dementia,
found that all of the CD3+ lymphocytes in the brain
tissues were CD8-positive and CD4-negative (Miller
et al, 2004). Additionally, an angiocentric distribu-
tion of CD3+ CD8+ lymphocytes has been described
in the CNS of HIV-infected children where such a dis-
tribution was thought to contribute to vascular dam-
age (Katsetos et al, 1999).

In our study, we found that the CD8+ T lympho-
cytes were largely associated with CNS vessels in
both non-SIVE groups and the SIVE group. In the non-
SIVE groups, CD8+ T cells were more tightly confined
to the perivascular cuffs than in the SIVE group where
infiltration of CNS by these cells extended further
to the CNS parenchyma. The distribution of CD8+ T
lymphocytes in nonencephalitic brains suggests im-
mune surveillance of perivascular spaces by these T

cells in the absence of brain infection but not inva-
sion into the parenchyma. Our data further suggest
that SIV brain infection triggers the recruitment of
CD8 T lymphocytes into the brain parenchyma, al-
though this study did not directly address the tim-
ing of the infiltration of these cells. A significantly
reduced percentage of CD8+ T cells associated with
vessels in SIVE may be due to increased blood-brain
barrier disruption and/or to increased neuroinvasive-
ness of CD8+ T cells. Whether such neuroinvasive-
ness is the result of antigen-specific traffic or reten-
tion is purely speculative.

The perivascular and parenchymal location of the
CD8+ T lymphocytes, as has been reported previ-
ously in SIVE and HIVE (Porwit et al, 1989; Lackner
et al, 1991; Petito et al, 2003), might contribute to
vascular and axonal damage. Such damage might oc-
cur to a greater extent if the CD8 lymphocyte re-
ceives a secondary stimulus within the CNS resulting
from interaction with SIV antigens. Indeed, we found
an angiocentric distribution of CD8+ T lymphocytes,
many of which were adjacent to virus-infected cells,
suggesting they are in association with SIV antigens.
Whether the scattered CD8+ T lymphocytes in the
white matter are engaged in axonal injury is, al-
though suggestive, uncertain. Certainly, CD8+ T lym-
phocytes elaborate a range of potentially neurotoxic
agents that are elevated in the CNS with HIVE and
SIVE (Tyor et al, 1992; Kaul et al, 2001). This ob-
servation with the demonstrated accumulation of β-
amyloid precursor protein, considered a marker of
severed or damaged axons, underscore the possible
importance of CD8+ T lymphocytes in axonal clip-
ping as a mechanisms of neuronal injury (Mankowski
et al, 2002b). Both mechanisms may be particularly
important in the case of HIV and SIV following our
observation of CD8+ T lymphocytes in proximity to
SIV RNA–positive cells. HIV/SIV RNA and proteins
are mainly found late, concomitantly with the devel-
opment of AIDS and encephalitis, and the productive
infection of the CNS likely occurs via blood-derived
monocytes that become perivascular macrophages
(Gartner, 2000; Fischer-Smith et al, 2001; Williams
et al, 2001). Because a major infected cell type
within the brain is the perivascular macrophages
(Williams et al, 2001), the angiocentric distribution
of lymphocytes in lesions with viral antigens, or out-
side of lesions next to virus-infected cells, suggests
antigen-specific traffic and retention of CD8+ T lym-
phocytes in the CNS. In our preliminary studies using
SIV-gag p11c tetramers, we found a significant num-
ber of SIV-gag–specific CD8+ T lymphocytes in the
CNS of animals with AIDS and SIVE (unpublished
data).

Our results that the majority of CD8+ T lympho-
cytes in the CNS are also CD3-positive cells dif-
fer from a report by Mankowski et al (2002a). Us-
ing pig-tailed macaques coinfected with a highly
pathogenic SIV clone and an immunosuppressive
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SIV swarm, they found both CD8+ T lymphocytes (as-
sessed by CD3+/TIA-1+) and NK cells (CD3−/TIA-1+)
predominate in animals with SIVE. We found little-
to-no accumulation of CD4+ T lymphocytes early
or of natural killer (NK) cells in brains of our SIV-
infected animals. Whether these differences are due
to species difference (pig-tailed macaques versus rhe-
sus macaques), different virus strains used (SIV/17E-
Fr plus SIV/DeltaB670 versus SIVmac251), or both is
not known.

In all SIVE cases we examined, CD4 staining was
found on many perivascular macrophages, MNGCs,
and some process-bearing cells (CD3−/CD4+), but
not on lymphoid cells (CD3+/CD4−). The majority
of CD4+ cells we found were CD3 negative and inti-
mately associated with CNS vessels, consistent with
these cells being perivascular macrophages or inflam-
matory macrophages (Vazeux et al, 1987; Peudenier
et al, 1991). Our findings of CD4 reactivity on brain
macrophages are consistent with previous reports
(Vazeux et al, 1987; Porwit et al, 1989; Li et al, 1991;
Peudenier et al, 1991). Whether CD4 antigen expres-
sion on brain macrophages is critical for HIV and
SIV infection in situ is not resolved. In this light,
it is interesting to note that polymerase chain reac-
tion (PCR) studies of virus sequences from human
and monkey brain specimens often show CD4 inde-
pendent viruses (Desrosiers et al, 1991; Kodama et al,
1993; Wang et al, 2001).

In summary, we found little-to-no accumulation of
CD4+ T lymphocytes and NK cells in control and
SIV-infected brains. In contrast, our study has shown
that CD8+ T lymphocytes accumulate in the brains of
macaques with AIDS and SIVE. A majority of CD8+
T cells were found in conjunction with SIV-infected
cells, which are almost exclusively associated with
CNS vessels. The angiocentric distribution of these
CD8+ T cells suggests that their accumulation is trig-
gered by viral antigens, many of which are associ-
ated with CNS perivascular macrophages. Whether
the perivascular and parenchymal T cells infiltrating
into the CNS of SIV-infected monkeys are recruited
and retained in an antigen-specific manner, or are
oligoclonal, remains to be determined.

Materials and methods

Tissue collection and processing
Necropsy specimens of brain, lymph node, and
spleen from SIV-infected rhesus macaques (Macaca
mulatta) with AIDS and encephalitis (n = 9), SIV-
infected animals with AIDS and without encephalitis
(n = 7), SIV-infected animals at peak viremia (n = 5),
and 3 normal uninfected controls were investigated
in the present study. Animals were infected with SIV-
mac251 (20 ng of SIV p27) by intravenous injection.
When the animals developed AIDS, they were anes-
thetized with ketamine-HCl, killed by intravenous

pentobarbital overdose, and exsanguinated. CNS tis-
sues were collected in 10% neutral-buffered forma-
lin, embedded in paraffin, and cut into 5-micron-
thick sections. Adjacent tissues were snap-frozen in
optimum cutting temperature compound (Miles Sci-
entific, Elkhart, IN) by immersion in 2-methylbutane
in dry ice.

Immunohistochemistry for CD4 and CD8
After incubation in an oven for 2 h at 60◦C, paraf-
fin sections were immersed in a peroxidase block-
ing reagent (DAKO, Carpinteria, CA) for 5 min to
block endogenous peroxidase activity. Sections were
treated in an electric pressure cooker for 15 min
in Trilogy solution (Cell Marque, Hot Springs, AR)
for deparaffinization, dehydration, and antigen re-
trieval, and then incubated for 10 min with a pro-
tein block (DAKO) to reduce background staining.
Sections were incubated for 2 h either with a mouse
primary antibody against CD4 (1:20 dilution, clone
1F6; NeoMarkers, Fremont, CA) or CD8 (1:50 dilu-
tion; clone 1A5; Novocastra, Newcastle-upon-Tyne,
UK). CD4 and CD8 antigens were detected using
an EnVision horseradish peroxidase–labeled poly-
mer conjugated with secondary mouse and rabbit an-
tibodies (DAKO). Sections were rinsed twice in 1×
Tris-buffered saline (TBS) containing 0.05% Tween-
20 between each reagent. The color reaction product
was developed using 3,3′-diaminobenzidine tetrahy-
drochloride (DAKO) as the chromogenic substrate
for horseradish peroxidase. The sections were coun-
terstained with hematoxylin, and then dehydrated
and mounted. Routine inclusion of the isotype-
matched negative control immunoglobulin (IgG1;
DAKO) yielded no positive staining.

Multilabel immunohistochemistry with CD3
and Glut-1
In order to investigate the distribution and im-
munophentype of T lymphocytes in the CNS, CD4
or CD8 staining was often followed by staining
with anti–Glut-1 or anti-CD3 antibody or both. The
double- or triple-label immunohistochemistry was
performed with an EnVison Doublestain System
(DAKO). After washing sections in water, CD4- or
CD8-stained sections were incubated for 3 min with
a Doublestain block (DAKO). Sections were incu-
bated for 30 min with rabbit anti–Glut-1 (1:5000 dilu-
tion; Chemicon, Temecula, CA) or rabbit anti-human
CD3 polyclonal antibody (1:350 dilution; DAKO). De-
tection of Glut-1 and CD3 was done using an En-
Vision alkaline phosphatase–labeled polymer conju-
gated with secondary mouse and rabbit antibodies
(DAKO). The color reaction product was developed
using Fast Red (DAKO) or Vector Blue (Vector Labo-
ratories, Burlingame, CA) for Glut-1 and CD3 stain-
ing, respectively. The sections were mounted using
Faramout aqueous mounting medium (DAKO). Rou-
tine inclusion of rabbit Ig fraction (DAKO) used as
a negative control yielded no positive staining. For
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a triple-label immunohistochemistry of CD8, CD3,
and Glut-1, double-stained sections with CD8 and
CD3 were subject to Glut-1 staining, as described
above.

In situ hybridization for SIV RNA
In situ hybridization for SIV RNA was performed
with digoxigenin-labeled riboprobes from Lofstrand
Labs (Gaithersburg, MD; with permission from Dr. V.
Hirsch and C. Brown, National Institute of Health,
Rockville, MD). The probes were a pool of RNAs com-
plementary to sequences in full-length SIVmac239
genomic RNA (Hirsch et al, 1997).

In situ hybridization was performed with a mod-
ification of previously published procedures un-
der RNase-free conditions (Hu et al, 1998). For
this, 5-micron sections of formalin-fixed, paraffin-
embedded tissues were dried at 60◦C for 1 h, de-
paraffinized in xylene twice for 5 min each, and then
rehydrated in a graded ethanol series. After hydra-
tion with phosphate-buffered saline (PBS), the tissue
sections were heated in a microwave oven at 800 W
for 20 min with antigen unmasking solution (Vector
Laboratories), and cooled for 20 min at room tem-
perature. Sections were washed with PBS for 5 min,
and immersed in 1 PBS containing 0.15% Triton
X-100 for 10 min at room temperature. Sections were
rinsed twice for 10 min each in 2× standard saline
citrate (SSC). Before hybridization, 120 μl of prehy-
bridization buffer containing 10% dextran sulfate,
4× SSC, 2 mM EDTA, 50% deionized formamide,
1× Denhardt’s solution, 500 μg/ml herring sperm
DNA, and 500 μg/ml yeast tRNA (all reagents pur-
chased from Sigma, St. Louis, MO) was applied to
sections. After incubation for 1 h at 45◦C, hybridiza-
tion mixtures containing SIV riboprobes (80 ng/ml
in prehybridization buffer) were applied to the sec-
tions, and hybridized at 45◦C overnight. The sections
were subjected to two washes for 15 min at 45◦C in
2 × SSC, 1 × SSC, and 0.1 × SSC, and then washed
in Buffer 1 (100 mM Tris-HCl and 150 mM NaCl,
pH 7.6) for 5 min. After preincubation of sections
for 30 min at room temperature with Buffer 1 con-
taining 1% blocking reagent (Roche, Indianapolis,
IN), the sections were incubated either with alkaline
phosphatase–conjugated anti-digoxigenin Fab frag-
ment (1:500 diluted in 1% blocking solution) for SIV
riboprobes for 2 h at room temperature. The sections
were washed in Buffer 1 twice for 10 min each, and
rinsed in Buffer 2 (100 mM Tris-HCl, 100 mM NaCl,
and 50 mM MgCl2, pH 9.5) for 5 min. Detection of
hybridized probes was done using 5-bromo-4-chloro-
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