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During untreated human immunodeficiency virus type 1 (HIV-1) infection, virus-specific CD8� T cells
partially control HIV replication in peripheral lymphoid tissues, but host mechanisms of HIV control in the
central nervous system (CNS) are incompletely understood. We characterized HIV-specific CD8� T cells in
cerebrospinal fluid (CSF) and peripheral blood among seven HIV-positive antiretroviral therapy-naïve sub-
jects. All had grossly normal brain magnetic resonance imaging and spectroscopy and normal neuropsycho-
metric testing. Frequencies of epitope-specific CD8� T cells by direct tetramer staining were on average 2.4-fold
higher in CSF than in blood (P � 0.0004), while HIV RNA concentrations were lower. Cells from CSF were
readily expanded ex vivo and responded to a broader range of HIV-specific human leukocyte antigen class I
restricted optimal peptides than did expanded cells from blood. HIV-specific CD8� T cells, in contrast to total
CD8� T cells, in CSF and blood were at comparable maturation states, as assessed by CD45RO and CCR7
staining. The strong relationship between higher T-cell frequencies and lower levels of viral antigen in CSF
could be the result of increased migration to and/or preferential expansion of HIV-specific T cells within the
CNS. This suggests an important role for HIV-specific CD8� T cells in control of intrathecal viral replication.

Human immunodeficiency virus type 1 (HIV-1) invades the
central nervous system (CNS) early during primary infection
(21, 30, 35), and proviral DNA persists in the brain throughout
the course of HIV-1 disease (7, 25, 29, 47, 77, 83). Limited data
from human and nonhuman primate studies suggest that little
or no viral replication occurs in the brain during chronic,
asymptomatic infection, based on the absence of demonstrable
viral RNA or proteins (8, 85). In contrast, cognitive impair-
ment affects approximately 40% of patients who progress to
advanced AIDS without highly active antiretroviral therapy
(21, 30, 35, 65). During HIV-associated dementia, there is
active HIV-1 replication in the brain (23, 52, 61, 81), and viral
sequence differences between cerebrospinal fluid (CSF) and
peripheral tissues suggest distinct anatomic compartments of
replication (18, 19, 22, 53, 75, 76, 78). Host mechanisms that
control viral replication in the CNS during chronic, asymptom-
atic HIV-1 infection are incompletely understood.

Anti-HIV CD8� T cells are present in blood and peripheral
tissues throughout the course of chronic HIV-1 infection (2,
14). Multiple lines of evidence support a critical role for these
cells in controlling HIV-1 replication. During acute HIV-1
infection, the appearance of CD8� T-cell responses correlates
temporally with a decline in viremia (11, 43), and a greater
proliferative capacity of peripheral blood HIV-specific CD8�

T cells correlates with better control of viremia (36, 54). In

addition, the presence of certain major histocompatibility com-
plex class I human leukocyte antigen (HLA) alleles, notably
HLA-B*57, predicts slower progression to AIDS and death
during chronic, untreated HIV-1 infection (55, 62). Finally, in
the simian immunodeficiency virus (SIV) model, macaques
depleted of CD8� T cells experience increased viremia and
rapid disease progression (39, 51, 67).

Little is known regarding the role of intrathecal anti-HIV
CD8� T cells in HIV neuropathogenesis. Nonhuman primate
studies have identified SIV-specific CD8� T cells in the CNS
early after infection (16, 80). Increased infiltration of SIV
antigen-specific CD8� T cells and cytotoxic T lymphocytes has
been detected only in CSF of slow progressors without neuro-
logical symptoms (72). In chronically infected macaques with
little or no SIV replication in the brain, the frequency of
HIV-specific T cells was higher in CSF than in peripheral
blood but did not correlate with the level of plasma viremia or
CD4� T-cell counts (56). Although intrathecal anti-HIV
CD8� T cells may help control viral replication, a detrimental
role in the neuropathogenesis of HIV-1 has also been postu-
lated (38). Immune responses contribute to neuropathogenesis
in models of other infectious diseases, and during other viral
infections cytotoxic T lymphocytes can worsen disease through
direct cytotoxicity or release of inflammatory cytokines such as
gamma interferon (IFN-�) (3, 17, 31, 37, 42, 44, 71).

We tested the hypothesis that quantitative and/or qualitative
differences in HIV-specific CD8� T-cell responses are present
in CSF compared to blood during chronic, untreated HIV-1
infection. We characterized HIV-specific CD8� T-cell re-
sponses in CSF among seven antiretroviral therapy-naïve
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adults with chronic HIV-1 infection, relatively high peripheral
blood CD4� T-cell counts, and low plasma HIV-1 RNA con-
centrations. We show that among these HIV-positive individ-
uals with no neurological symptoms and with little or no HIV-1
RNA in CSF, frequencies of HIV-specific T cells are signifi-
cantly higher in CSF than in blood. These CSF cells are at a
state of differentiation similar to that of T cells in blood and
are functionally competent for expansion and IFN-� produc-
tion. The higher frequency of functional HIV-specific CD8� T
cells in CSF, in the context of low or undetectable virus in CSF,
suggests that these cells play a role in the control of intrathecal
viral replication.

MATERIALS AND METHODS

Study participants. Individuals with chronic HIV-1 infection were recruited
for study participation from the Vanderbilt-affiliated Comprehensive Care Cen-
ter (Nashville, TN). Participants were antiretroviral therapy naïve with relatively
high CD4� T-cell counts and low plasma HIV-1 RNA concentrations. Addi-
tional eligibility criteria included at least 100,000 platelets/mm3 within 1 week
prior to lumbar puncture, no history of significant CNS abnormality such as
trauma, congenital malformation or genetic disorder, and no evidence of CNS
mass lesion upon physical examination or magnetic resonance imaging (MRI).
Typing of HLA class-I alleles was performed by sequence-specific primer PCR
(DCI, Nashville, TN). Plasma and CSF HIV-1 RNA were quantified by Cobas
Amplicor monitor HIV-1 version 1.5 (Roche Diagnostic Systems, Branchburg,
NJ) with a lower limit of quantitation of 50 copies/ml. The Vanderbilt Institu-
tional Review Board approved this study, and all participants provided written
informed consent.

Collection and processing of CSF and peripheral blood. With the participant
in the lateral decubitus position, lumbar CSF was obtained through a 20-gauge
spinal needle by gravity drainage. A Whittaker tip needle was used if possible to
minimize postdural headache. During each procedure approximately 40 ml of
CSF was collected directly into a 50-ml plastic conical tube on ice. Mononuclear
cells from CSF (CSFMCs) were pelleted by centrifugation at 350 � g for 15 min
at 4°C. Approximately 100 ml of peripheral blood was obtained immediately
before lumbar puncture and processed in parallel. Peripheral blood mononu-
clear cells (PBMCs) were isolated by Ficoll-Hypaque density gradient centrifu-
gation.

Flow cytometry. CSFMCs and PBMCs were labeled ex vivo with a panel of
fluorochrome-labeled antibodies. Freshly isolated cells were incubated sequen-
tially with HIV-specific HLA class I tetramers (phycoerythrin [PE] or allophy-
cocyanin Beckman Coulter or NIH tetramer facility), an anti-CCR7 (mouse
anti-human CCR7 antibody; R&D Systems) at room temperature for 10 min,
and goat anti-mouse immunoglobulin G (Pacific Blue; secondary antibody for
CCR7 antibody; Molecular Probes) for 30 min on ice, followed by a cocktail of
antibodies to CD3 (PE-Cy7; BD Biosciences), CD8 (Pacific Orange; BD Bio-
sciences), CD4 (allophycocyanin-Cy7; BD Biosciences), CD45RO (PE-Texas
Red; Invitrogen), and CD14, CD19, and CD56 in a dump channel (all PE-Cy5;
BD Biosciences) on ice for 30 min. The cell viability dye 7-amino actinomycin D
(Viaprobe; BD Biosciences) was added prior to analysis. Stained samples
were acquired on a FACSAria cell sorter (BD Biosciences) and analyzed with
FACSDiva software (BD Biosciences). The choice of tetramers for CSF staining
was informed by previous analyses of tetramer responses measured in blood from
each participant. Since CCR7 staining involved a two-step process with an ad-
ditional two washes, CCR7 stains were done for only three participants from
whom we had �1.0 � 105 CSFMCs.

Expansions of CSFMCs and PBMCs ex vivo. Approximately 0.5 � 103 to 1.0 �
103 CSFMCs and PBMCs were expanded for 15 days with 1 �g/ml phytohem-
agglutinin (PHA) in the presence of 2 � 106 irradiated autologous feeder PB-
MCs and 10 U/ml of interleukin 2. Culture medium was changed on days 7 and
10. Cells were rested in R10 culture medium without interleukin 2 on day 14,
prior to the harvesting of cells on day 15.

ELISPOT assay. IFN-� enzyme-linked immunospot (ELISPOT) analyses
were performed using expanded CSFMCs and PBMCs incubated with HIV
peptides representing optimal HLA class I-restricted epitopes (10 �g/ml of each
peptide). The peptides were selected for evaluation on the basis of each partic-
ipant’s HLA class I alleles as previously described (70). A complete description
of HIV peptide/epitopes and accompanying criteria for determining HLA re-
striction are provided in the HIV molecular immunology database (http://www

.hiv.lanl.gov/content/immunology/index.html). CSFMCs and PBMCs were plated
at 50,000 cells/well in 96-well polyvinylidene plates (Millipore, Bedford, MA)
precoated with 1 �g/ml anti-IFN-� monoclonal antibody (1-DIK-1; Mabtech,
Stockholm, Sweden). Plates were incubated overnight at 37°C under 5% CO2

and developed by sequentially adding 1 �g/ml biotinylated-anti-IFN-�
monoclonal antibody (clone 7-B6-1; Mabtech), streptavidin, and 5-bromo-4
-chloro-3-indolyl phosphate (BCIP)-Nitro Blue Tetrazolium substrate (Bio-Rad,
Hercules, CA). Spot-forming cells (SFC) were quantified with an ELISPOT plate
counter (CTL, Cleveland, OH). Values are expressed as SFC/million cells after
subtracting the average background in two negative control wells. To reduce
background, expanded cells were rested in R10 medium without interleukin 2 for
1 day prior to ELISPOT assays as previously described (10). The background
ranged from zero to five SFC per well. Peptides that stimulated IFN-� responses
to at least three SFC above background were considered positive.

Neurological and neuropsychological evaluations. Prior to lumbar puncture,
each participant underwent a neurological examination and a battery of neuro-
psychological tests adapted from that used in the Multicenter AIDS Cohort
Study. The battery included the Wechsler test of adult reading; the Wechsler
abbreviated scale of intelligence; the Wechsler memory scale (third edition); the
Hopkins verbal learning test, revised version; the Stroop test; Trails A and B; the
symbol-digit modalities test; the Ruff 2 and Ruff 7 tests of selective attention;
grooved pegboard, timed gait, and finger Tapping tests; CalCAP, standard edi-
tion; the Center for Epidemiological Studies’ depression scale; and Symptom
Checklist 90, revised. The battery took as long as 4 hours to administer.

Neuroimaging and 1H-MRS. Prior to lumbar puncture, each participant un-
derwent standard structural MRI on a 3.0 T Achieva MR scanner (Philips
Medical Systems) with an eight-channel SENSE head coil to rule out significant
structural brain abnormalities. Structural MRIs consisted of standard T1-
weighted spin echo (TR/TE � 550/14 ms), PD/T2-weighted fast spin echo (TR/
TE1/TE2 � 4,000/20/17), FLAIR-TSE (TI/TR/TE � 860/2,000/17 ms), and T1-
weighted (inversion-prepared) three-dimensional FFE (TI/TR/TE � 900/9.8/4.6
ms). Volume-localized short TE 1H-magnetic resonance (MR) spectra (point-
resolved spectroscopy) were collected. The structural images guided placement
of volumes of interest (VOI) in deep gray, frontal white, and frontal cortical gray
matter for spectroscopy. These structural images were used for retrospective
assessment of tissue composition in each VOI. 1H-MR spectroscopy (MRS)
spectra were collected from VOI placed in the left putamen, the left frontal white
matter, and the medial frontal cortex bilaterally by use of the standard short TE
point-resolved spectroscopy sequence with the following parameters: TR/TE of
2,000/31 ms; NS of 128; VOI, adjustable location between subjects and fixed
within subject. Reference water spectra were collected from each VOI to mon-
itor shim quality and to make eddy current corrections. A water T2 series was
collected for estimates of absolute metabolite levels. MRS data were first in-
spected to ensure adequate shimming and water suppression and metabolites
were subsequently quantified with LCModel (64).

Statistical analysis. All comparisons between CSFMCs and PBMCs, including
numbers of epitopes recognized, were performed using two-tailed Wilcoxon
matched-pairs test with GraphPad Prism 5. A P value of less than 0.05 was
considered significant.

RESULTS

Comparison of viral loads and T-cell numbers in peripheral
blood and CSF. We compared CSF and blood samples from
seven asymptomatic antiretroviral therapy-naïve HIV-infected
adults. These individuals were selected for the study because
they had previously been identified as having robust HIV-
specific CD8� T-cell responses in peripheral blood in the ab-
sence of antiretroviral therapy. Their durations of HIV-1 in-
fection ranged from 3 to 16 years. Neurological examinations
and neuropsychological test results were normal in all partic-
ipants, as were MRIs of the brain. In addition, MRS markers
of glial activation and neuronal dropout were grossly normal
(data not shown). Basic parameters from CSF and peripheral
blood are listed in Table 1. Peripheral blood CD4� T cells
exceeded 500 cells/mm3 for all but one individual, who was also
the only participant with quantifiable HIV-1 RNA in CSF.
HIV-1 RNA levels were lower in CSF than in blood for all
participants. Ratios of CD4� to CD8� T cells were similar in
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CSF (median, 1.3) and blood (median, 1.2) (P � 0.05). All but
one participant had CSF total protein of �30 mg/dl (partici-
pant 10027, 66 mg/dl). Differential counting of CSF cells iden-
tified neither neutrophils nor evidence of erythrocyte contam-
ination in any individual, indicating that CSF lymphocytes were
not contaminated by peripheral blood lymphocytes introduced
during lumbar puncture.

Frequencies of tetramer-positive CD8 T cells in CSF by
direct ex vivo staining. To determine frequencies of HIV-
specific CD8� T cells in CSF, at least 5,000 freshly isolated
cells were stained with HIV-specific HLA class I tetramers
(listed in Table 2). Although participants were not specifically
recruited based on HLA alleles, these subjects were selected
from a cohort of healthy antiretroviral therapy-naïve subjects
with robust HIV-specific CD8� T-cell responses in peripheral
blood, and all participants carried the HLA B*57 allele, which
is associated with slower HIV disease progression (55, 62). In
addition to HLA-B*57 tetramers, available A*02, A*03, and
B*08 tetramers were first screened for responses in peripheral
blood. We subsequently tested for as many of these tetramer
responses as possible in matched CSF and blood samples de-
pending on the total yield of CSF cells. Tetramer frequencies
as low as 0.2% of CD8� T cells could be directly enumerated
with as few as 5,000 CSFMCs. Tetramer responses detected in
blood were always present in CSF and responses to as many as
five tetramers were detected in CSF (Fig. 1A and B). Compar-
ing 19 tetramer responses for seven study participants, fre-
quencies of HIV-specific tetramer-positive cells were on an
average 2.4-fold higher in CSF (median, 2.1%) than in periph-
eral blood (median, 0.9%) (P � 0.0004) (Fig. 2). Since multiple
tetramer responses were tested per individual, and to ensure
that a single individual did not spuriously skew these results,
we determined the total percentages of tetramer-positive cells
in peripheral blood and CSF for each subject. In all seven
participants, total frequencies of tetramer-positive cells still
remained significantly higher in CSF (median, 7.9%) than in
blood (median, 3.8%) (P � 0.016). The higher frequency of
tetramer-positive cells in CSF was not limited to HLA-B57-
restricted epitopes. Subjects 10027 and 10031 had tetramer
responses to HLA-B*08 and HLA-A*03 epitopes, respectively,
and frequencies of these tetramer-positive cells were also
higher in CSF than in peripheral blood (Fig. 1B).

Ex vivo expansion and tetramer staining of T cells from CSF
and blood. The above analyses involved direct labeling of
freshly isolated cells. To evaluate the expansion potential of
HIV-specific T cells in CSF and to obtain more cells for anal-

yses, we expanded cells from CSF and blood in parallel for 2
weeks with PHA. Starting with 0.5 � 104 to 1.0 � 104 freshly
isolated cells, we obtained 2 � 106 to 3 � 106 cells after 2
weeks of expansion. From each participant, 1.0 � 106 ex-
panded cells were evaluated for tetramer frequencies. We
tested 14 of the 19 tetramer responses previously identified
with fresh cells. In every case, tetramer responses detected with
freshly isolated cells were also present in expanded cells (rep-
resentative results shown in Fig. 3A). This confirms our ability
to reliably detect tetramer-positive CD8� T cells from rela-
tively few cells in CSF. There was a strong correlation between
tetramer frequencies of unexpanded cells from CSF and ex
vivo expanded cells from CSF (R2 � 0.7468, P � 0.0001), and
the magnitudes of the responses did not differ significantly, as
shown in Fig. 3B (medians, 3.0% in unexpanded cells from
CSF and 1.7% in expanded cells from CSF; P � 0.05). This
indicates that HIV-specific T cells in CSF were capable of
expansion in culture. We also compared the expansion poten-
tial of HIV-specific T cells in CSF to that of those in peripheral
blood. The relatively higher frequency of HIV-specific CD8� T
cells in CSF (median, 1.7%) than in blood (median, 0.95%)
was maintained in expanded cell populations (P � 0.0017)
(Fig. 3C). To confirm the equivalent expansion potentials of
these cell populations, we calculated the ratio of tetramer fre-
quencies of CD8� T cells expanded from CSF to the ratio of
those of unexpanded cells from CSF (median, 0.85) and the ratio
of tetramer frequencies of CD8� T cells expanded from periph-
eral blood to the ratio of those of unexpanded cells from periph-
eral blood (median, 0.81). There was no significant difference
between these values (P � 0.05). We therefore conclude that

TABLE 1. Characteristics of study participants

Subject
ID

HIV-1 RNA
(copies/ml)

Blood CD4�

T cells
(per mm3)

CD4/CD8
ratio CSFMCs

collecteda

Plasma CSF Blood CSF

10024 60 �50 841 0.8 0.8 200,000
10027 16,800 1,210 491 0.7 0.9 156,000
10031 7,950 �50 612 0.7 1.3 110,000
10040 79 �50 864 2.0 2.6 49,000
10060 720 �50 647 1.2 1.2 43,000
10067 745 �50 704 3.7 2.0 30,000
20018 608 �50 1,185 2.2 1.8 20,000

a Approximate number of CSFMCs collected from 40 ml of CSF.

TABLE 2. HLA class I types of subjects and tetramers tested

Subject ID HLA types Tetramers
(HLA-epitope) Epitope sequence

10024 A*02 A*3002 B57-KF11 KAFSPEVIPMF
B*5703 B*5802 B57-IW9 ISPRTLNAW

10027 A*0101 A*0201 B57-KF11 KAFSPEVIPMF
B*0801 B*5701 B57-IW9 ISPRTLNAW

B57-QW9 QASQEVKNW
B8-EI8 EIYKRWII
B8-FL8 FLKEKGGL
A2-SL9a SLYNTVATL

10031 A*0301 B57-KF11a KAFSPEVIPMF
B*1401 B*5704 B57-IW9a ISPRTLNAW

B57-QW9 QASQEVKNW
A3-RK9 RLRPGGKKK
A3-QK10 QVPLRPMTYK
A3-KK9a KIRLRFPGGK

10040 A*0101 A*3101 B57-KF11 KAFSPEVIPMF
B*4402 B*5701 B57-IW9 ISPRTLNAW

B57-QW9 QASQEVKNW
10060 A*0101 A*3301 B57-KF11 KAFSPEVIPMF

B*4201 B*5701 B57-IW9 ISPRTLNAW
B57-QW9 QASQEVKNW

10067 A*3002 A*3301 B57-KF11 KAFSPEVIPMF
B*1302 B*5703 B57-IW9a ISPRTLNAW

B57-QW9a QASQEVKNW
20018 A*0201 A*2601 B57-KF11 KAFSPEVIPMF

B*4001 B*5701 B57-IW9 ISPRTLNAW

a Staining for these tetramers was negative in both CSF and blood. All other
tetramers were detected in blood and CSF.
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HIV-specific CD8� T cells in CSF and peripheral blood have
similar expansion potentials.

Functionality of HIV-specific T cells in CSF. In addition to
tetramer frequencies, expanded cells were also tested for their
capacity to produce IFN-� by ELISPOT assay. Ex vivo expanded
cells from CSF, ex vivo expanded cells from blood, and unex-
panded cells from blood were stimulated with individual HIV-
specific optimal class I peptides selected based on each subject’s
HLA type, which included epitopes evaluated above by HLA
class I tetramers. Expanded cells from CSF from each participant
produced IFN-� in response to at least 6 and to as many as 16
peptides (Table 3). In all but one individual, expanded cells from
CSF responded to more peptides (median, 9) than did expanded
cells from blood (median, 8) (P � 0.042) or unexpanded cells
from blood (median, 7) (P � 0.035). Frequencies of IFN-� SFC

among expanded cells from CSF were also higher than among
expanded cells from blood (median difference, 3.2-fold) (P �

0.0001) (Fig. 4A) or unexpanded cells from blood (median dif-
ference, 2.5-fold) (P � 0.0007) (Fig. 4B). When we totaled the
magnitudes of the multiple peptide responses within each indi-
vidual, the total frequencies of IFN-� SFC among expanded cells
from CSF (median, 4,624 SFC/106 cells) were higher than those
of expanded cells from blood (median, 1,765 SFC/106 cells) and
were also higher than those of unexpanded cells from blood
(median, 3,483 SFC/106 cells). However, these differences in mag-
nitude were not statistically significant. These data suggest that
CSF contains expansion-competent, functional IFN-�-producing
CD8� T cells that potentially recognize a broader range of HIV-1
epitopes than do CD8� T cells from peripheral blood.

A Blood CSF Blood CSF

10040

10024

10060

HLA-Epitope B57-IW9B57-KF11 B57-QW9

3.61.5 3.63.61.51.58.84.1 8.88.84.14.1

10027

10031

10067

20018

3.2 5.93.23.2 5.95.9 0.7 3.90.70.7 3.93.9

1.8 3.91.81.8 3.93.90.6 1.60.60.6 1.61.6 0.3 1.60.3 1.6

1.0 3.61.01.0 3.63.6

CD8

0.20.1 0.20.20.10.1

2.10.9 2.12.10.90.91.01.9 1.01.01.91.92.41.0 2.42.41.01.0

B
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0.5 0.70.50.5 0.70.7

B8-EI8B8-FL8

0.3 1.10.30.3 1.11.1
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5.9 9.35.95.9 9.39.3
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0.3 0.50.3 0.5

FIG. 1. Frequency of HIV-specific tetramer-positive cells among freshly isolated cells from CSF and blood. (A) Flow cytometric plots of all
HLA-B57 tetramer-positive (IW9, KF11, and QW9) stains among seven asymptomatic HIV-infected individuals. (B) Flow cytometric plots from
two HIV-infected individuals (10027 and 10031) with non-HLA-B*57 (HLA-B*08 and HLA*A*03, respectively) tetramer responses are shown.
Each tetramer stain was performed with 1.0 � 106 freshly isolated cells from blood and 0.5 � 104 to 3.0 � 104 freshly isolated cells from CSF.
Numbers in plots represent frequencies of HIV-specific T cells as percentages of CD8� T cells from CSF and blood.
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Distribution of memory T cells in CSF and blood. To eval-
uate the maturation states of HIV-specific CD8� T cells, we
evaluated expression of CD45RO and CCR7 on freshly iso-
lated cells from CSF and blood. CCR7 and CD45RO distin-
guish central memory (TCM), effector memory (TEMRO), and
terminally differentiated (TEMRA) T cells (Fig. 5A). Because
substantial cellular expression of CD45RA and CD45RO is
mutually exclusive (reference 33 and unpublished data),
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FIG. 2. Relationship between frequencies of tetramer-positive
CD8� T cells among freshly isolated cells from CSF and blood. Fre-
quencies of HIV-specific tetramer-positive CD8� T cells among seven
asymptomatic HIV-infected individuals are derived from plots shown
in Fig. 1. Each data point represents an individual tetramer response
for each participant studied. The diagonal dashed line represents the
line of unity. The P value is derived from a two-tailed Wilcoxon
matched-pairs t test.
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FIG. 3. Frequencies of HIV-specific tetramer-positive cells among ex vivo expanded cells. CSFMCs and PBMCs were expanded ex vivo for 2
weeks with PHA and then assessed for frequencies of HIV-specific tetramer-positive CD8� cells. (A) Representative flow cytometric plots show
tetramer frequencies among unexpanded and expanded cells from CSF. (B) Relationship between tetramer frequencies among ex vivo expanded
CD8� cells from CSF and freshly isolated cells from CSF. (C) Relationship between tetramer frequencies among ex vivo expanded CD8� cells
from CSF and ex vivo expanded CD8� cells from blood. The diagonal dashed line represents the line of unity. The P value is derived from a
two-tailed Wilcoxon matched-pairs t test.

TABLE 3. IFN-� responses to HIV-specific HLA class I
optimal epitopes

Subject ID No. of epitopes
tested

No. of epitopes with IFN-� response

Unexpanded
cells from

blood

Expanded
cells from

blood

Expanded
cells from

CSF

10024 28 7 8 7
10027 33 7 8 11
10031 25 8 8 9
10040 19 11 10 16
10060 12 8 2 11
10067 15 0 2 9
20018 28 1 3 6

10422 SADAGOPAL ET AL. J. VIROL.



CD45RO� CCR7� T cells were considered to be TEMRA T
cells. The frequency of CD45RO� expression (TEMRO and
TCM) on CD8� and CD4� T cells was higher in CSF (medi-
ans, 66% for CD8� and 85% for CD4� T cells) than in blood
(medians, 41% for CD8� and 58% for CD4� T cells) (the P
value was 0.016 for each comparison) (Fig. 5B). Since CCR7
staining involved a two-step process with two additional
washes, CCR7 stains were done for only three participants
from whom we had �1.0 � 105 cells from CSF. Among these
three participants, frequencies of CD8� TEMRA cells were
lower in CSF (median, 34%) than in blood (median, 56%),
although this difference was not statistically significant (Wil-
coxon matched-pair test P value, �0.05; paired t test P value,
0.064) (Fig. 5C), and frequencies of naïve and TCM CD8� T
cells were similar in CSF (medians, 5% for naïve and 4% for
TCM) and blood (medians, 5% for naïve and 3% for TCM).
Although we would need to evaluate more subjects to achieve
statistical significance, this trend suggests an increased migra-
tion to or expansion of TEMRO CD8� cells in CSF and a
relative absence of TEMRA CD8� cells in CSF.

Evaluation of the memory marker status of tetramer-
positive cells revealed that the frequencies of CD45RO�

expression for HIV-specific CD8� T cells were similar in
CSF (median, 85%) and blood (median, 82%) (P � 0.05)
(Fig. 5B). CCR7 and CD45RO staining for the three par-
ticipants described above (six tetramers) further indicated
that the proportions of HIV-specific TEMRA cells was sim-
ilar for CSF (median, 11%) and blood (median, 10%) (P �
0.05) (Fig. 5C). These data suggest that HIV-specific CD8�

T cells in CSF are in a differentiation state similar to that
seen for blood and that HIV-specific TEMRA CD8� cells, in
contrast to total TEMRA CD8� cells, are capable of migra-
tion to and/or expansion in CSF.

DISCUSSION

The present study demonstrates that among HIV-infected
individuals with relatively good immune control of plasma vire-
mia and without apparent brain injury based on neuropsycho-
logical testing and neuroimaging, the relative frequencies of
HIV-specific CD8� T cells are greater in CSF than in periph-
eral blood. Collecting large volumes of CSF allowed us to
characterize, by direct staining, HIV-specific tetramer-positive
CD8� T cells in individuals without apparent CSF pleocytosis.
Our data also suggest that HIV-specific CD8� T cells in CSF
may have good expansion potential and a functional capacity
greater than seen for those in peripheral blood. To confirm our
findings generated with fresh cells, CSFMCs were expanded ex
vivo. We show that expanded cells from CSF recognize not only
dominant epitopes, based on tetramer staining, but also several
other nondominant epitopes, based on IFN-� ELISPOT assay.

Cross-sectional studies evaluating the relationship of periph-
eral HIV-specific CD8� T-cell responses and control of vire-
mia have shown either no relationship (1) or even a positive
association between the magnitude of responses and the level
of viremia (9). In this study we explored the hypothesis that the
level of epitope-specific T cells in CSF were related to the level
of control of viral replication. We were able to uniquely quan-
titate immune responses within two discrete anatomical com-
partments. We hypothesized that if the level of HIV antigen
were driving the frequency of epitope-specific T cells, the fre-
quency of these cells would be lower in CSF than in blood, and
that if the migration of T cells between peripheral blood and
CSF were random, then the frequencies in CSF would reflect
those in the peripheral blood. In fact, we found a consistently
higher frequency of HIV-specific T cells in CSF and consis-
tently lower levels of virus in CSF, suggesting that at least in
HIV patients with no apparent neurological symptoms, HIV-
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specific T cells contribute to the control of viral replication in
the CNS.

At least two mechanisms could explain the relatively in-
creased frequency of HIV-specific CD8� T cells in CSF: the

preferential migration of CD8�/CD45RO� memory T cells
from the periphery into the CNS and/or the intrathecal persis-
tence or expansion of HIV-specific T cells after migration into
the CNS. These mechanisms are not mutually exclusive, and
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each may be driven by the presence of HIV-1 antigens in the
CNS. In macaques, activated T cells preferentially enter the
intrathecal compartment and increase in frequency early after
acute SIV infection (41, 50). In humans, studies showing acti-
vated T cells in CSF among both HIV-infected and HIV-
uninfected individuals (50, 58, 66) support homing of activated
T cells to the CNS. The increased expression of adhesion
molecules and chemokine receptors on HIV-specific CD8� T
cells in CSF during HIV infection also suggests that the traf-
ficking of antigen-specific T cells to the brain may be due to a
combination of the systemic activation of T cells and response
to intrathecal inflammation (69). Our finding may not be
unique to the brain, since in SIV-infected macaques high fre-
quencies of virus-specific T cells have been demonstrated in
the gastrointestinal tract, urogenital tissue, spleen, bone mar-
row, and liver compared to what is seen for peripheral blood
(32, 46, 68, 73). Recent data from a rodent model suggest that
the expression of viral antigens in the brain may upregulate
endothelial cell major histocompatibility complex class I ex-
pression, which in turn favors CD8� T-cell migration into the
brain (27). However, it is likely that very little HIV-1 antigen
was being produced intrathecally among our study partici-
pants, based on the lack of quantifiable CSF HIV-1 RNA in all
but one subject and the normal neuropsychological perfor-
mance of study participants. Limited data from human and
nonhuman primate studies also suggest the absence of viral
proteins in the brain during chronic, asymptomatic infection
(8, 85). However, we cannot exclude viral replication in basal
ganglia and deep white matter structures that are typically
infected during HIV-associated dementia (6, 13, 15, 26, 45, 59,
82), since such replication may not be apparent in CSF or by
neuropsychological testing or neuroimaging.

Other groups have noted selective recruitment of memory
cells to the brain and higher proportions of CD8� and CD4�

memory T cells in the brains of both HIV-infected and healthy
individuals under both normal and neuropathological condi-
tions (58, 74, 79). Our results also indicate higher frequencies
of CD45RO� memory CD8� and CD4� T cells and lower
frequencies of TEMRA CD8� cells in CSF than in blood of
relatively healthy HIV-positive subjects with little or no detect-
able intrathecal virus. HIV-specific CD8� T cells in CSF are at
the same differentiation state as in blood, as assessed by
CD45RO and CCR7 T-cell differentiation markers. This, to-
gether with the expansion potential and functional capacity of
the HIV-specific T cells in CSF, suggests that these HIV-
specific T cells are as capable as cells in peripheral blood of
controlling viral replication. Further, higher frequencies of
HIV-specific T cells in CSF may reflect an increased migration
of CD45RO� memory CD8� T cells to the CSF and also an
increased migration and/or expansion of TEMRA HIV-specific
CD8� T cells in CSF.

The present study has potential implications for HIV-1 neu-
ropathogenesis. Normal uninfected brain has multiple intrinsic
mechanisms to maintain its state of relative immune quies-
cence. These include tight junctions and low levels of adhesion
molecule expression by capillary endothelial cells; neuronal
expression of CD200, which reduces microglial cell activation;
local production of neurotrophins; and transforming growth
factor 	 secretion by astrocytes and meningeal cells (31). In
addition, the brain is a potential anatomic reservoir for HIV-1

replication (24, 63). While inflammatory and innate immune
mechanisms that involve trafficking of monocyte/macrophages
are central to the pathogenesis of HIV-associated dementia
(28, 84–86), viral replication also plays a major role, with viral
proteins gp120 (4, 5, 20, 34) and tat (12, 49, 57, 60) being
directly neurotoxic. Control of HIV replication by HIV-spe-
cific CD8� T cells may therefore be critical in preventing this
complication, although direct evidence for this in the CNS
during HIV infection is scant. To our knowledge, there is only
a single report which described unexpanded HIV-specific
CD8� T cells in CSF. Tetramer staining for a single gag
epitope was tested in two HLA-A2-positive individuals, both of
whom had substantial viremia in plasma (HIV-1 RNA of
�40,000 copies/ml) and CSF (�2,500 copies/ml). Tetramer-
positive cells were somewhat more frequent in CSF than in
blood (69), consistent with our findings. Previous studies of
nonhuman primates have identified the presence and/or en-
richment of SIV-specific CD8� T cells in the CNS soon after
primary infection (16, 80), and increased numbers of CD8� T
cells and virus-specific cytotoxic T cells were detected in CSF
of macaques with slow disease progression and fewer neuro-
logical findings (72). In chronically infected macaques with
little or no viral replication in the brain, the frequency of
SIV-specific T cells was higher in CSF than that in peripheral
blood (56).

A detrimental effect for T cells in the pathogenesis of HIV-
associated dementia has also been postulated (38), based on
the observation that immune responses contribute to neuro-
pathogenesis in models of other infectious diseases through
direct cytotoxicity or the release of inflammatory cytokines (3,
17, 31, 37, 42, 44, 71). Therefore, while virus-specific T cells
could contribute to neuropathogenesis, the data we present
here suggest that subjects with stable nonprogressive HIV dis-
ease, with very low levels of virus in CSF and no clinically
detectable neuropathology, have higher breadths and magni-
tudes of HIV-specific CD8� T cells in CSF than in peripheral
blood. The limited ability of many antiretroviral drugs to cross
the blood-brain barrier (40, 48) heightens the reliance on host
mechanisms for controlling HIV replication in the CNS.

Our study was limited to antiretroviral therapy-naïve HIV-
infected individuals with good immune control of viral repli-
cation and no apparent neurological symptoms. Further, since
this was a cross-sectional study, it is not known whether these
HIV-specific responses change over time, nor was the effect of
subsequent antiretroviral therapy known. Characterization of
HIV-specific T cells for HIV-positive individuals with ad-
vanced AIDS, particularly for those with neuropsychological
impairment, and for those on antiretroviral therapy will further
our understanding of the role of CD8� T cells in the control of
HIV replication and neuropathogenesis. Studies on a larger
cohort may also help confirm the apparent distribution of
memory differentiation markers on T cells in CSF.

In summary, the relative frequencies of HIV-specific CD8�

T cells are greater in CSF than in peripheral blood among
asymptomatic HIV-infected individuals with good immune
control of plasma viremia. These responses in CSF have broad
epitope specificity and may have expansion and functional ca-
pacity greater than those in peripheral blood. These results
point toward preferential migration to and/or expansion of
HIV-specific CD8� T cells within CSF and suggest that HIV-

VOL. 82, 2008 HIV-SPECIFIC CD8� T-CELL RESPONSES IN CSF 10425



specific CD8� T cells mediate the control of intrathecal viral
replication.
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