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CD8" T Cells Maintain Suppression
of Simian Immunodeficiency Virus
in the Central Nervous System
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Human immunodeficiency virus (HIV) accesses the brain
early in infection and can lead to neurocognitive disorders.
The brain can also serve as a viral reservoir, but how virus
is controlled in the brain is unknown. To examine this,
CD8-depleting monoclonal antibody was injected into the
cerebrospinal fluid of rhesus monkeys with chronic simian
immunodeficiency virus (SIV) infection. This treatment led
to the rapid increase of SIV in the brain. Virus in the brain
is maintained by active suppression from the host immune
system. This dynamic interaction can be manipulated in ef-
forts to control and eradicate virus from the brain and
other reservoirs.
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Human immunodeficiency virus (HIV) enters the central ner-
vous system (CNYS) early after infection and results in immune
activation in the CNS, which continues during the course of dis-
ease [1]. These initial events can ultimately lead to HIV-
associated neurocognitive disorder (HAND), and infection of
the CNS can provide a sanctuary and reservoir for the virus.
This can be modeled by simian immunodeficiency virus (SIV)
infection in monkeys, where it was found that virus enters the
brain and initiates a series of changes, including infiltration of
CDS8" T cells [2]. CD8" T cells are also found in the brains of
HIV-infected individuals [3]. The role of these CD8" T cells re-
mains relatively unexplored. Here we tested the hypothesis that
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CD8" T cells play a key role in the maintenance of viral control
in the CNS.

MATERIALS AND METHODS

Monkeys, SIV Infection, and Antibody Administration

Animal work was performed under institutional animal care
and use committee approval, following National Institutes of
Health and US Department of Agriculture guidelines. Rhesus
monkeys were infected intravenously with a stock derived
from SIVmac251. Longitudinal characterization of infection is
provided in Supplementary Figure 1. Biofluid sampling and
necropsy were performed, with cell isolation from the blood,
lymph nodes, and brain as described elsewhere [2]. Intra-CSF
administration was performed in anesthetized animals by injec-
tion into the cisterna magna [4].

Antibodies and Primers/Probes
Information on antibodies and oligonucleotides used in these
experiments is given in Supplementary Table 1.

Viral and Gene Quantitation

SIV RNA was measured using the branched DNA assay by
Siemens (Emeryville, CA). For graphing and statistical analysis,
undetectable values were replaced by the minimum detectable
value (125 copies/mL in biofluids and <54 copies/pg for RNA).
Quantitative real-time polymerase chain reaction (PCR) analy-
sis was performed on complementary DNA produced from tis-
sue RNA, using TagMan chemistry, and relative SIV RNA
expression was quantified using the 27**“* method, with the
average of GAPDH and TBP serving as reference.

Flow Cytometry

Cells were isolated and surface antigens stained as previously
described [2]. Intracellular staining was performed on cells
stimulated with PMA (10 ng/mL; Sigma) and ionomycin
(200 ng/mL; Sigma) in the presence of GolgiBlock and Golgi-
Stop (BD Biosciences) for 6 hours. Following the above stimu-
lation, cells were stained with a Live/Dead kit (Invitrogen), then
for surface antigens, followed by fixation and permeabilization
according to manufacturer’s recommendations (eBioscience),
and intracellular staining. Analysis was performed using Flow]Jo
6.2.1 (Tree Star, San Carlos, CA).

Immunohistochemistry and In Situ Hybridization
These were performed on formalin-fixed, paraffin-embedded
tissue sections as described elsewhere [5].
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Statistics
Tests were performed using Prism software (GraphPad Soft-
ware, San Diego, CA).

RESULTS

Effector Memory CD8* T Cells Dominate in the Chronically
Infected Brain

Using 3 monkeys chronically infected with SIV (mean infection
duration [+SD], 11.8 £ 0.5 months) and without signs of
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Figure 1. Effect of anti-CD8 treatment in the cerebrospinal fluid (CSF) on
immune cells and virus. A-D, Quantification of cells in individual animals,
with the indicated treatment protocol, as determined by flow cytometry. A4,
CD8* T-cell counts in blood are shown before and after treatment. B, Brain
CD8" T cell and natural killer (NK) cell proportions are shown at necropsy. C
and D, CD8* T cell and NK cell proportions in deep cervical and inguinal
lymph nodes (LNs) are shown at necropsy. £and £, Quantification of simian
immunodeficiency virus (SIV) load in plasma and CSF specimens obtained
from animals before and after the indicated treatment.

disease, we characterized the CD8" T cells that accumulated
in the brain. Flow cytometric analysis revealed that CD8" T
cells from the brain were divided between an effector memory
phenotype (ie, CD287CD1977; mean percentage [+SD],
50.9% + 3.8%) and a transitional population (ie, CD28"
CD1977; 46.6% + 3.2% ), with a small percentage exhibiting a
central memory phenotype (ie, CD28"CD197%; 1.6% + 0.2%;
Supplementary Figure 24). These CD8" T cells were further as-
sessed for their ability to express interferon y (mean percentage
[£SD], 76.3% + 25.6%), granzyme B (59.7% + 10.0%; Supple-
mentary Figure 2B), and tumor necrosis factor o (54.3% +
25.0%), with 51.4% + 24.3% positive for all 3 molecules. In con-
junction with our earlier studies using cytotoxic T lymphocytes
and tetramer studies [6,7], these CD8" T cells in the brain likely
comprised anti-SIV effector cells.

Intra-CSF Antibody Treatment Depletes CNS CD8" T Cells
Administration of a CD8-depleting antibody in doses capable of
eliminating CD8" T cells from the blood and lymphoid organs
to chronically SIV-infected monkeys results in a transient in-
crease in plasma viral load [8, 9]. However, peripherally admin-
istered antibodies do not penetrate into the CNS, whereas
antibodies infused into the CSF can penetrate the brain paren-
chyma [10]. Therefore, to assess the effect of CD8 depletion in
the CNS, we administered a depleting anti-CD8 antibody into
the CSF and examined both the CNS and periphery for effects
on the virus and immune cells.

Six animals with chronic SIV infection (mean infection du-
ration [£SD], 10.9 £ 1.6 months) were studied in CNS antibody
administration experiments; all were without signs of disease.
We administered CD8-depleting antibody into the CSF of 4
animals. The other 2 animals served as controls and received
immunoglobulin G (IgG) in the CSF to assess the effect of non-
specific antibody.

In the blood, all animals receiving the CD8-depleting anti-
body showed a decrease in the CD8" T cell count (Figure 14),
whereas both of the animals treated with IgG showed a slight
increase. The decreased level of CD8" T cells in the blood of an-
imals in the experimental group was expected because antibod-
ies exit the CSF through the arachnoid granulations and enter
the bloodstream. To assess whether this level of antibody could
affect blood levels of CD8" T cells, a seventh animal with chron-
ic SIV infection was given this same dose of CD8-depleting an-
tibody intravenously and had a similar decrease (from 1523 to
11 cells/mm?) in the number of CD8" T cells in the blood.

At the time animals were euthanized, they received a perfu-
sion of PBS to clear blood-borne cells, and the brain and lym-
phoid tissues were collected for study. Animals receiving
CD8-depleting antibody in the CSF showed a paucity of
CD8" T cells in the brain (average proportion, 0.33% of cells) but
not in lymph nodes (average proportion, 19.4% and 26.3% of
cells in the deep cervical and inguinal lymph nodes, respectively;
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Figure 1B-D). CD8" T cell levels were maintained in the ani-
mals given IgG in the CSF (average proportion, 2.76% of cells
in the brain and 29.7% and 25.8% of cells in the deep cervical
and inguinal lymph nodes, respectively; Figure 1B-D). This was
also seen in the additional (seventh) animal that received the
same dose of antibody intravenously (proportion, 5.3% of
cells in the brain and 31.1% and 21.7% of cells in the deep cer-
vical and inguinal lymph nodes, respectively). Natural killer
(NK) cells, which, in rhesus monkeys, express CD8, were main-
tained at the expected low proportions in the brain and lymph
nodes (Figure 1B-D). Thus, administration of CD8-depleting
antibody into the CSF is effective in eliminating CD8" T cells
from the brain (as well as from the blood) without affecting
those in the lymph nodes or affecting the proportion of NK
cells.

Intra-CSF Antibody Treatment Increases CNS Viral Load

In the animals receiving the CD8-depleting antibody in the
CSF, while an increase in the plasma viral load was found
(1.05 log; o copies), it did not reach statistical significance; in
the control animals, which received IgG in the CSF, the plasma
viral load decreased slightly (by 0.50 log;, copies; Figure 1E). In
contrast, an increase in CSF viral load was found in all animals
receiving intra-CSF antibody treatment. While the magnitude
of the increase was mild in those receiving control IgG (0.50
log; copies), in those receiving the intra-CSF CD8-depleting
antibody the CSF viral load increased profoundly, by >1000-
fold (3.25 log; copies; P < .02; Figure 1F).

To assess the effects of brain CD8 cell depletion on viral load
in the brain parenchyma, in situ hybridization was performed
to visualize SIV-infected cells within the brain. In the animals
that received anti-CD8 in the CSF, SIV-positive cells could be
found along the leptomeninges, as well as perivascularly and
within the parenchyma (Figure 2A and B). SIV-positive cells
could not be found in the brains of animals treated with
intra-CSF IgG (Figure 2C) or untreated control animals,
although positive cells could be found in lymphoid tissue
(data not shown). To quantify viral expression, RNA was pre-
pared from 5 different regions of the brain in each monkey,
and the SIV RNA load was measured. When compared to the
control monkeys that did not receive intra-CSF administration
of the CD8-depleting antibody (either the 3 untreated animals
or the 2 that received IgG), those that did receive this antibody
had a considerably elevated SIV load in the brain parenchyma
(Figure 2D). In addition to the overall effect of treatment, sig-
nificant increases in viral load (compared with control untreat-
ed animals) were found in the frontal and occipital lobes, as well
as in the hippocampus and cerebellum. Thus, we found that
elimination of CD8" T cells from the brain leads to productive
expression of SIV within the brain.

Productive HIV/SIV infection of the brain is associated with
activation of microglia, and such cells are linked to neuronal

damage in HAND. We therefore examined sections of the fron-
tal lobe that were remote from the site of antibody administra-
tion but showed a significant increase in viral load in the
monkeys that received anti-CD8 in the CSF. CD163 is expressed
on macrophages as well as on activated microglia in HIV/SIV
encephalitis [11]. Indeed CD163 expression was present in ram-
ified microglia in SIV-infected monkeys that received CD8-de-
pleting antibody in the CSF (Figure 2E and F), but it was limited
to occasional perivascular macrophages in those that received
IgG in the CSF (Figure 2G and H). Expression of HLA-DR
was similarly increased in microglia of the monkeys that re-
ceived anti-CD8 in the CSF (Figure 2I). Quantification was
again performed by analysis of RNA expression. Real-time
PCR revealed that the levels of both CD163 and HLA-DR
were significantly increased (Figure 2J). The activation of mi-
croglia is consistent with the recrudescence of viral replication
in the brains of animals in which anti-CD8 was administered in
the CSF.

DISCUSSION

We found that depletion of CD8" T cells from the brain of mon-
keys with chronic SIV infection greatly increases viral load and
microglial activation. Thus, CD8" T cells in the CNS function to
suppress viral replication and protect the brain from neuropa-
thogenic factors present in viral proteins and the products of ac-
tivated microglia. The brain acts as a reservoir and has the
potential to produce relatively large amounts of virus, the
level of which is kept repressed by CD8" T cells. These CD8"
T cells are poised to provide immediate effector function in re-
sponse to activation of the virus in the brain. Our experiments
reveal that they play an active role, rather than an anticipatory
role, since their targeted depletion leads to a rapid rise in brain
viral load.

It is important to point out the limitations of our study. First,
no attempt was made to optimize the amount of antibody ad-
ministered. Second, our control for intra-CSF administration
consisted of presumptive nontargeting antibodies (ie, purified
IgG). Thus, it is possible that the antigen-antibody reaction it-
self activates microglial cells and leads to SIV reactivation. We
do not believe this is the case, because experimental attempts to
activate brain microglia in SIV-infected monkeys with an intra-
cerebral infusion of proinflammatory cytokines revealed no ac-
tivation of virus production [12]. Third, while the sample size
was relatively small, the effect was robust and consistent in
the 4 anti-CD8-treated animals,. Finally, a comparison can be
made to situations in which the CD8-depleting antibody is
given systemically. In such protocols, the antibody is adminis-
tered in much larger amounts. When it is given to chronically
infected animals, the magnitude of the increase in plasma
viral load is greater [8, 9]; when given at the time of acute infec-
tion, immune control of viremia is not achieved, and rapid
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Figure 2. Receipt of anti-CD8 treatment in the cerebrospinal fluid (CSF) induces viral expression and microglial activation. A-C, In situ hybridization of
brain sections. Antisense simian immunodeficiency virus (SIV) probe identifies SIV-positive cells (black silver grains) in animals treated intra-CSF with the
CD8-depleting antibody but not in animals treated intra-CSF with control immunoglobulin G (IgG). A, Photomicrograph (10x original magnification) from
frontal lobe of anti-CD8 treated monkey. B, Photomicrograph (20x original magnification) from the cerebellum of an anti-CD8—treated monkey. C, Photo-
micrograph (20x original magnification) from the cerebellum of control IgG—treated monkey. D, SIV load measured in RNA from different regions of the brain.
Mean and standard deviation are indicated for the 3 untreated animals (black columns), the 4 receiving intra-CSF anti-CD8 (unfilled columns), and the 2
receiving intra-CSF IgG (gray columns; not used in statistical analysis). Samples below the limit of detection were assigned the value of the limit of de-
tection (1.73 logqo/ug RNA). Two-way analysis of variance revealed a significant effect of treatment (P =.0018). Comparisons between groups were per-
formed using the Bonferroni multiple comparisons test, with significant differences between the intra-CSF anti-CD8—treated group and the control untreated
group indicated. Values indicate mean and standard error of the mean (SEM). ****P< 0001, ***P<.001, and **P<.01. £/, Inmunohistochemical staining
of frontal lobe brain sections for microglial activation markers. EFand £, CD163 reactivity in an animal treated intra-CSF with the CD8-depleting antibody. The
image in panel Eis at low (4x original) magnification. The asterisk indicates the area shown in panel Fat high (40x original) magnification, revealing reactive
ramified microglia. G and H, CD163 reactivity in animal treated intra-CSF with control IgG. The image in panel G is at low (4x original) magnification. The
asterisk indicates the area shown in panel H at high (40x original) magnification, revealing only reactive perivascular macrophages. /, HLA-DR reactivity in an
animal treated intra-CSF with the CD8-depleting antibody, revealing reactive ramified microglia, as well as endothelial cells (note the blood vessel). The
photomicrograph is at high (40x original) magnification. J, Quantification by real-time polymerase chain reaction of microglia activation markers in RNA from
the frontal lobe of untreated SIV-infected (control) and intra-CSF anti-CD8—treated animals. Values indicate mean and SEM. **P< .01, *P<.05.
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development of terminal simian AIDS with a high incidence
of encephalitis occurs [13, 14], quite distinct from our
experiments.

In summary, our findings have relevance to the control of
HIV within the CNS and during HAND. While the incidence
of frank HIV-associated dementia and encephalitis have greatly
decreased, HAND unfortunately persists in the current era of
therapy [15]. It is possible that the CD8" T cells that infiltrate
the brain during HIV infection act as a double-edged sword,
protecting from the virus initially but contributing to damage
over the greatly prolonged course of infection. The balance be-
tween protective and pathologic immune responses in the brain
is crucial, and there is growing appreciation for the role of im-
mune activation in HAND and other neurodegenerative
disorders.

Eradication of HIV remains a current goal of research and
treatment and requires elimination of virus from reservoirs
such as the brain. While there are many unique aspects of the
immune response to HIV in the CNS, our experiments indicate
that CD8" T cells play a critical role. Knowledge of this key role
of CD8" T cells in controlling virus in the brain is essential in
devising strategies to rid the CNS, and the body, of virus.
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