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Abstract

The central nervous system (CNS) is an important target of HIV, and cerebrospinal fluid (CSF) can provide a
window into host–virus interactions within the CNS. The goal of this study was to determine whether HIV-
specific CD8+ T cells are present in CSF of HIV controllers (HC), who maintain low to undetectable plasma
viremia without antiretroviral therapy (ART). CSF and blood were sampled from 11 HC, defined based on
plasma viral load (VL) consistently below 2,000 copies/ml without ART. These included nine elite controllers
(EC, plasma VL <40 copies/ml) and two viremic controllers (VC, VL 40–2,000 copies/ml). All controllers had
CSF VL <40 copies/ml. Three comparison groups were also sampled: six HIV noncontrollers (NC, VL >10,000
copies/ml, no ART); seven individuals with viremia suppressed due to ART (Tx, VL <40 copies/ml); and nine
HIV-negative controls. CD4+ and CD8+ T cells in CSF and blood were analyzed by flow cytometry to assess
expression of CCR5, activation markers CD38 and HLA-DR, and memory/effector markers CD45RA and
CCR7. HIV-specific CD8+ T cells were quantified by major histocompatibility complex class I multimer
staining. HIV-specific CD8+ T cells were detected ex vivo at similar frequencies in CSF of HC and non-
controllers; the highest frequencies were in individuals with CD4 counts below 500 cells/ll. The majority of
HIV-specific CD8+ T cells in CSF were effector memory cells expressing CCR5. Detection of these cells in
CSF suggests active surveillance of the CNS compartment by HIV-specific T cells, including in individuals
with long-term control of HIV infection in the absence of therapy.

Introduction

The central nervous system (CNS) is an important
target of HIV-1 infection. Neurological manifestations

of HIV-1 include HIV encephalitis and its clinical manifes-
tation, HIV-associated dementia.1,2 The brain and CNS are
generally considered as immune privileged; nevertheless, the
presence of HIV-specific T cells in brain and cerebrospinal
fluid (CSF) has been documented, both in HIV-infected hu-
mans3–6 and in rhesus macaques infected with simian im-
munodeficiency virus (SIVmac).7,8 Sampling of CSF from
HIV-infected subjects can provide a window into host–virus
interactions in the CNS.9 The CSF reflects events occurring
in the CNS since the brain interstitial fluid is in contact with

the CSF produced in the choroid plexus and circulating
through the subarachnoid space.10,11 The CSF compartment
is accessible by lumbar puncture and multiple sampling is
possible.

The CNS is thought of as immune privileged due to the
presence of the blood–brain barrier (BBB) and the blood–
cerebrospinal fluid barrier (BCSFB), but immune surveil-
lance of the CNS does take place,12–15 as highlighted by
recent evidence of CNS lymphatic vessels.16 The BBB is
established by endothelial cells of brain parenchyma micro-
vessels, and the BCSFB is formed by epithelial cells of the
choroid plexus.17,18 Under physiological conditions, both
barriers contain tight junctions,18 limiting leukocyte entry to
small numbers of activated lymphocytes and monocytes.
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However, under inflammatory conditions, an increased
number of activated leukocytes can enter the CNS.17,19 While
it is known that virus-specific CD8+ T cells can infiltrate the
CNS,12,20,21 few studies have addressed the role of these cells
in fighting infection. In HIV infection, CD8+ T cells may
mediate viral clearance from the CNS by killing infected
CD4+ T cells and monocytes/macrophages; however, they
may also contribute to inflammation by releasing proin-
flammatory cytokines and chemokines.22,23 The purpose of
this study was to explore the potential role of T cells in CNS
immune surveillance, focusing on HIV controllers (HC).

HC are defined as individuals with chronic HIV infection
whose plasma viral load (VL) remains consistently below
2,000 viral RNA copies per milliliter without antiretroviral
therapy (ART).24 This group includes ‘‘elite’’ controllers, who
maintain VLs below 40 copies/ml, and ‘‘viremic’’ controllers,
whose VLs are above 40 but below 2,000 copies/ml.24 The
search for genetic factors that predispose to control of HIV
infection revealed two major histocompatibility complex
(MHC) class I alleles: HLA-B27 and HLA-B5725–29; how-
ever, although common among controllers, these alleles are
neither necessary nor sufficient to confer protection from
disease progression.30 Nevertheless, MHC class I-restricted,
HIV-specific CD8+ T cells are believed to contribute to HIV
control,31–33 and earlier studies from our group revealed
polyfunctional HIV-specific CD8+ T cells in the gastrointes-
tinal mucosa and blood of HC.34,35 HC generally lack de-
tectable CNS infection and intrathecal inflammation.36,37

However, some individuals who meet the definition of HC
nevertheless experience significant T-cell loss, demonstrate

increased immune activation, and experience non-AIDS de-
fining morbidities.38–41 This study provided an opportunity to
determine the phenotype and frequency of HIV-specific CD8+

T cells in CSF of HIV-infected individuals, including con-
trollers, noncontrollers (NC), and subjects on ART. In partic-
ular, in undertaking this study, we speculated that the detection
of HIV-specific T cells in CSF of HC might suggest an on-
going antigen presence in the CSF or brain compartment de-
spite apparent control of HIV replication as indicated by CSF
VLs below detectable limits.

Materials and Methods

Participant characteristics

HC were defined based on plasma VL measurements con-
sistently below 2,000 copies/ml in the absence of ART. Study
participants included nine elite controllers (EC, plasma VL
consistently <40 copies/ml, no ART); two viremic controllers
(VC, VL consistently >40 but <2,000 copies/ml, no ART); six
HIV NC (VL 70,000–650,000 copies/ml, no ART); seven
ART-suppressed individuals (Tx, VL <40 copies/ml); and nine
negative controls (Table 1).

Sample collection

Blood and CSF were obtained at San Francisco General
Hospital (San Francisco, CA). Written informed consent for
phlebotomy and lumbar puncture was obtained from all
subjects under protocols approved by the Committee on
Human Research, University of California, San Francisco,

Table 1. Patient Characteristics

Patient ID Gender Ethnicity

Years
since

diagnosis

Plasma
viral load,
copies/ml

CSF viral
load,

copies/ml

CD4
count,
cells/ml

CSF
WBC,

count/mm3
HIV-specific

response studied

HIV controllers
EC 7164 M C 20 <40 <40 740 2 B*5701 Gag KF11
EC 7176 F H 10 <40 <40 582 1 B*5703 Gag TW10
EC 7178 F AA 18 <40 <40 1,738 7 n/a
EC 7179 M C 22 <40 <40 535 3 n/a
EC 7180 M AA 25 <40 <40 588 6 n/a
EC 7183 M C 25 <40 <40 731 7 A*0301 Gag RK9
EC 7187 F C 5 <40 <40 725 2 n/a
EC 7191 M C 25 <40 <40 1,090 3 n/a
EC 9038 M C 2 <40 <40 1,251 6 B*2705 Gag KK10
VC 7190 M C 20 231 <40 468 1 B*2705 Gag KK10
VC 7109 M AA 23 221 <40 485 3 B*5703 Gag KF11

Noncontrollers
NC 9012 M C 1.2 71,700 296 544 8 n/a
NC 9016 M C 1.1 116,000 2,380 344 0 A*0301 Gag RK9
NC 9036 M C 1.2 10,164 792 590 5 A*0201 Gag SL9
NC 9040 M C 1.75 219,377 4,415 494 2 n/a
NC 4141 M C 19 62,285 63 94 2 B*5701 Gag KF11
NC 7193 M C 27 15,483 11,496 396 7 B*2705 Gag KK10

HAART
suppressed, n = 7

100% M 5C, 2H (2–26) <40 <40 (410–917) (0–4) n/a

Negative
controls, n = 9

100% M 7C, 1As,
2AA

n/a n/a n/a (534–1,070) (0–5) n/a

Numbers between parentheses indicate ranges for HAART suppressed and negative controls.
AA, African American; As, Asian; C, Caucasian; CSF, cerebrospinal fluid; EC, elite controllers; H, Hispanic/Latino; n/a, not applicable;

NC, noncontrollers; VC, viremic controllers.
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and the Institutional Review Board, University of California,
Davis. Exclusion criteria included pregnancy, presence of a
brain mass lesion at risk of herniation, bleeding diathesis, or
any other contraindication to lumbar puncture. Approxi-
mately 20 ml of blood and 20 ml of CSF were obtained from
each subject. Fresh samples were transported to the labora-
tory at the University of California, Davis, for immediate
processing of fresh cells. CSF samples contained *2–
16 · 103 WBC per milliliter (Table 1).

Sample processing

One milliliter of blood was set aside for antibody staining
before processing. Blood was layered onto Ficoll–Hypaque
(Pfizer, New York, NY) and centrifuged at 400 g for 20 min to
isolate peripheral blood mononuclear cells (PBMC). CSF
was centrifuged at 400 g for 10 min to pellet mononuclear
cells. PBMC were maintained in RPMI 1640 (Gibco, Grand
Island, NY) supplemented with 15% fetal calf serum, peni-
cillin (100 U/ml), streptomycin (100 lg/ml), and l-glutamine
(2 nM), referred to as R15. To generate sufficient CD8+ T
cells for enzyme-linked ImmunoSpot (ELISPOT) assays,
PBMC were polyclonally expanded in R15 with 50 U/ml
human recombinant interleukin-2 (R&D Systems, Minnea-
polis, MN) and stimulated with 0.62 lg/ml anti-CD3/4 bis-
pecific antibody for CD8+ T-cell enrichment.35

ELISPOT assays

To map HIV-specific CD8+ T-cell responses, PBMC were
tested for responsiveness to HIV peptides in ELISPOT as-
says. Polyclonally expanded CD8+ T lymphocytes from
PBMC were plated at 1 · 105 to 2 · 105 cells per well; pooled
or individual peptides (10 lg/ml; NIH Reagent Program,
Germantown, MD) were added to duplicate wells. Staphy-
lococcal enterotoxin B was used as positive control; the R15
medium was used for negative controls. ELISPOT assays
were performed as previously described.35 Plates were read
with an ELISPOT reader (Autoimmun Diagnostika GMBH,
Strasberg, Germany). Responses were quantified as spot-
forming cells per 106 cells (SFC/million) after subtracting
negative control values, and values of >50 SFC/million were
considered positive.35 The goal of these assays was not to
perform comprehensive epitope mapping, but instead to
identify immunodominant responses for each study partici-
pant (data not shown) and select MHC class I tetramer and
pentamer reagents for subsequent flow cytometry experi-
ments using CSF.

HLA class I typing

Genomic DNA was isolated from 5 to 6 million PBMC
using a QIAamp DNA Blood Mini Kit (Qiagen, Valencia,
CA) and quantified by a spectrophotometer. Low-resolution
MHC class I typing was performed using polymerase chain
reaction (PCR) and an ABC SSP (sequence-specific primer)
UniTray kit (Invitrogen, Carlsbad, CA). High-resolution
typing was performed using HLA-A or HLA-B SSP UniTray
kits (Invitrogen). PCR products were resolved by electro-
phoresis on a 2% agarose gel, photographed, and analyzed
using UniMatch Plus software (Invitrogen). (Table 1 and
Supplementary Table S1).

Antibodies, staining, and flow cytometry

Fluorochrome-labeled monoclonal antibodies to CD3
(Clone UCHT-1), CD4, CD14, and CD19 were purchased
from BD Biosciences (San Jose, CA). Fluorochrome-labeled
antibody to CD8 (Clone 3B5) was purchased from Invitro-
gen; antibodies to CCR7 and CD45RA were purchased from
BD and Beckman Coulter (Brea, CA), respectively. Anti-
bodies to CD38 (ADP-ribosyl cyclase), HLA-DR (MHC
class II), and CCR5 were purchased from BD Biosciences.
Samples were stained with amine binding Aqua dye (In-
vitrogen) to label dead cells. MHC class I peptide tetramers
were purchased from Beckman Coulter; MHC class I peptide
pentamers were purchased from ProImmune (Oxford, United
Kingdom); HLA-B5703-restricted KF11 and TW10 tetra-
mers were generated at the Weatherall Institute of Molecular
Medicine (Oxford, United Kingdom).

Antibody staining of CSF and whole blood was performed
on fresh samples without prior T-cell expansion. CSF cells
were washed once in phosphate-buffered saline and stained
with Aqua amine dye (Invitrogen) at a 1:10 dilution for
30 min and then quenched with fetal bovine serum. For whole
blood staining, 100 ll of blood was dispensed directly into
staining tubes. MHC class I peptide multimers were added to
respective tubes and stained for 20 min; other surface stains
were then added and incubated an additional 20 min. Blood
samples were treated with 3 ml of cold ACK lysing buffer for
10 min. All samples were washed with the FACS buffer and
fixed in 1% paraformaldehyde for at least 1 h at 4�C, before
acquisition on an LSRII (BD Biosciences).

Data analysis

Flow cytometry data were analyzed with FlowJo software
(TreeStar, Ashland, OR). Bivariate plots were constructed
using ‘‘fluorescence minus one’’ controls to confirm place-
ment of individual gates.42 Statistical analyses were per-
formed using GraphPad Prism software (GraphPad software,
San Diego, CA). Nonparametric tests were used for all ana-
lyses and paired tests were used where applicable. Differ-
ences in variables between subject groups were analyzed
using the Mann–Whitney U test or the Wilcoxon test.

Results

HIV-specific CD8+ T cells are present in CSF of HC
and NC

Participant characteristics are summarized in Table 1. Due
to the low number of leukocytes isolated from CSF (Table 1),
epitope mapping was performed on CD8+ T cells from a
preliminary blood sample obtained before lumbar puncture.
MHC class I tetramers or pentamers corresponding to ap-
propriate MHC class I/peptide combinations were available
for 6 of the 11 HC and 4 of the 6 chronically infected NC,
none of whom was on therapy at the time of sampling. Using
the appropriate MHC-matched reagents, HIV-specific CD8+

T cells were detected in blood and CSF as shown in the flow
cytometry plots in Figure 1A. Two controllers, 7190 and
7109 (Fig. 1B), showed substantially higher frequencies of
MHC multimer-binding cells in CSF compared to blood.
Interestingly, these two subjects had ‘‘protective’’ MHC
Class I alleles but were classified as VC based on their VLs,
which exceeded the threshold for EC.24 These two
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FIG. 1. MHC class I multimer staining and multicolor phenotyping. (A) Shows flow cytometry bivariate contour plots for
whole blood (top two rows) and CSF (bottom two rows). At the far left, MHC class I multimer staining (y-axis) is plotted
versus CD8 (x-axis). The heavy black rectangle indicates cells staining positive for CD8, which are further delineated in the
bivariate plots labeled ‘‘All CD8+’’ at right. The heavy red square in the upper right quadrant indicates CD8+ T cells stained
with MHC class I multimer, which are further delineated in the bivariate plots labeled ‘‘Tetramer+’’ at right. Three
additional surface staining combinations are shown: from left to right, CCR7 (y-axis) versus CCR5 (x-axis); CCR7 (y-axis)
versus CD45RA (x-axis); and HLA-DR (y-axis) versus CD38 (x-axis). Numbers in each quadrant indicate the percentages
of cells in that quadrant. All data in (A) were from an HIV noncontroller, subject number 7193. (B) Shows the percentage of
CD8+ T cells that bound MHC class I multimers in HIV controllers (blue shapes) or noncontrollers (red shapes). Values for
CSF are indicated by triangles; values for blood are indicated by squares. Each subject corresponds to a single line
connecting blood and CSF values. For one subject, noncontroller 9016, PBMC were stained instead of whole blood
(0.544%). Asterisks indicate samples from subjects specifically discussed in the text, as follows: left side, shown in blue:
*HIV controller 7190; **HIV controller 7109; right side, shown in red: *HIV noncontroller 7193; **HIV noncontroller
4141. CSF, cerebrospinal fluid; MHC, major histocompatibility complex; PBMC, peripheral blood mononuclear cells.
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participants also had the lowest CD4 T-cell counts of any in
the controller group. HIV-specific CD8+ T cells were also
detected in CSF and blood of NC. Intriguingly, the non-
controller group included two participants, 7193 and 4141,
with ‘‘protective’’ MHC class I alleles, whose plasma VLs
exceeded 10,000 copies/ml (Fig. 1B); these two subjects had
the highest percentages of HIV-specific CD8+ T cells in
blood and CSF among the noncontroller group, and also had
CD4 T-cell counts below 500 cells/ll. Thus, somewhat
unexpectedly, HC and NC had similar frequencies of HIV-
specific CD8+ T cells in CSF, and in both groups, the par-
ticipants with the highest frequencies had blood CD4+ T-cell
counts below 500 cells/ll.

Memory T cells dominate in CSF of all subject groups

We next addressed the differentiation phenotype of all CSF
T lymphocytes, regardless of antigen specificity. Coexpression
patterns of CD45RA and CCR7 were used to delineate mem-
ory/effector differentiation status of CD8+ T cells in CSF and
blood (Fig. 2A). CD45RA+CCR7+ cells were defined as naive,
CD45RA-CCR7+ as central memory (CM), CD45RA-CCR7-

as effector memory (EM), and CD45RA+CCR7- as terminally
differentiated effector cells.43,44 As expected, naive T cells
were rarely detected in CSF (not shown). Memory CD8+ T cells
(both EM and CM) were more abundant in CSF than in blood
regardless of subject group, consistent with previous reports.4,6

EM CD8+ T cells were the most abundant subset in CSF, fol-
lowed by CM cells (Fig. 2A). CM CD8+ T cells were signifi-
cantly more frequent in CSF than blood in all subject groups
except NC. Terminally differentiated effector cells were con-
sistently more abundant in blood than CSF.

CSF HIV-specific CD8+ T cells are mainly ‘‘effector
memory’’ cells

In most subjects for whom HIV-specific CD8+ T-cell re-
sponses could be quantified using MHC class I multimers,
greater than 50% of the HIV-specific, CD8+ T cells in CSF
were EM T cells (Fig. 2B). The two exceptions to this trend
were HC 9038 and 7183, in whom greater than 50% of
multimer-binding CSF CD8+ T cells had a CM phenotype.

CSF T cells in all groups express CCR5

In all subject groups, CCR5, the receptor for beta chemo-
kines CCL-3, CCL-4, and CCL-5, was expressed on a higher
percentage of CD4+ and CD8+ T cells in CSF compared to
blood (Fig. 3A). The difference was statistically significant for
CD4+ T cells in all groups except HIV NC (Fig. 3A, top left
panel) and for CD8+ T cells in both HC and healthy controls
(right panel). Most HIV-specific, MHC class I multimer-
binding CD8+ T cells in CSF expressed CCR5. Previous
reports have suggested a role for CCR5 and its ligands in
recruitment of antigen-specific T cells to the CNS.6 However,
CCR5 is also highly expressed on activated T cells, and ex-
pression levels are modulated by factors affecting T-cell
activation.45

Increased CNS immune activation in HIV NC

CD38 (ADP-ribosyl cyclase) and HLA-DR (MHC class II)
are considered markers of T-cell activation and their coex-
pression in HIV infection strongly correlates with clinical

FIG. 2. (A) Shows the breakdown of CD8+ T cells in whole
blood and CSF that had a central memory, effector memory, or
‘‘TEMRA’’ (terminally differentiated, RA expressing) pheno-
type. HC, HIV controllers (blue shapes); NC, noncontrollers
(red shapes); Tx, subjects on ART with VL <50 (green shapes);
Neg, HIV-negative controls (black shapes). Lines and asterisks
above the graphs indicate p values for statistically significant
differences between groups (*p < .05; **p < .01). (B) Sum-
marizes the percentages of HIV-specific CD8+ T cells (i.e.,
binding MHC class I multimers) that were effector memory cells.
ART, antiretroviral therapy; VL, viral load.
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parameters such as plasma VL and CD4+ T-cell count.46,47

HIV NC had significantly higher percentages of CD38+/
HLADR+ T cells in CSF and blood compared to all other
subject groups, as shown in Figure 3B. Percentages of CD38+/
HLA-DR+ CD8+ T cells in HC were similar to healthy con-
trols, but slightly elevated compared to subjects on ART. The
percentage of HIV-specific CD8+ T cells coexpressing CD38
and HLA-DR was higher in NC than controllers (Fig. 3B,

lower panel); however, the comparison involved relatively few
data points and should be interpreted with caution.

Plasma neopterin levels reveal immune
activation in HC

Another biomarker of CNS immune activation is neop-
terin, a soluble protein found in plasma and CSF that

FIG. 3. (A) The top row shows the percentage of all CD4+ T cells (left) or all CD8+ T cells (right) in blood or CSF that
were positive for CCR5. Second row: the graph shows the percentages of HIV-specific CD8+ T cells (i.e., binding MHC
class I multimers) that were positive for CCR5 in blood or CSF. HC, HIV controllers (blue shapes); NC, noncontrollers (red
shapes); Tx, subjects on ART with VL <50 (green shapes); Neg, HIV-negative controls (black shapes). Lines and asterisks
above the graphs indicate p values for statistically significant differences between groups (*p < .05; **p < .01; ***p < 0.001).
(B) Shows the percentage of all CD4+ T cells (left) or all CD8+ T cells (right) in blood or CSF that coexpressed the
activation markers HLA-DR and CD38. The third panel shows the percentages of HIV-specific CD8+ T cells (i.e., binding
MHC class I multimers) that were positive for both HLA-DR and CD38 in blood or CSF. Lines and asterisks above the
graphs indicate p values for statistically significant differences between groups (*p < .05).
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indicates macrophage activation.48 In a recent study of HC,
neopterin levels in plasma and CSF did not differ signifi-
cantly between controllers, negative controls, and subjects on
ART.37 A similar trend was observed in the present study:
CSF neopterin concentrations for HC were similar to those in
ART subjects and negative controls ( p > .05 for all pairwise
comparisons). In contrast, NC had elevated CSF neopterin
relative to all other groups (Fig. 4). However, plasma neop-
terin levels in the controller group were significantly elevated
compared to HIV-negative controls.

Discussion

These studies revealed that HIV-specific CD8+ T cells are
present in the CSF of HC and NC. Earlier studies of HC indi-
cated that HIV-specific CD8+ T cells are abundant in blood49,50

and the gastrointestinal tract,34,51 raising the possibility that
widespread dissemination of these cells throughout the body
could be a correlate of nonprogression. However, in this study,
we did not find significant differences in CSF T-cell frequency
or phenotype between HC and NC. Earlier studies have also
suggested that HIV-specific CD8+ T cells in HC are more
highly polyfunctional or more effective at eliminating HIV-
infected cells than their counterparts in NC.35,49 Unfortunately,
such studies require direct ex vivo analysis of >1 · 105 cells, and
the relatively low number of leukocytes isolated from CSF
made it impossible to explore T-cell functionality in this study.
The widespread dissemination of HIV-specific CD8+ T cells
throughout the body may also be a result of normal T-cell
trafficking processes, which are enhanced by the presence of
antigen and/or inflammation in certain anatomical reservoirs.
Mathematical modeling of the relationship between antigen
localization and T-cell trafficking will require highly sensitive
methods of T-cell and antigen tracking, such as those devel-
oped for use in animal model systems.52,53

The factors contributing to CSF T-cell trafficking are
complex and incompletely understood. Migration of T cells

across the BCSFB is a multistep process involving interac-
tions between T cells and choroid plexus epithelial cells.19

Systemic viral infection increases generalized inflammation
and expression of adhesion molecules that regulate T-cell
trafficking. In addition, the presence of virus-infected cells
within the CNS leads to local inflammation and expression of
chemokines.6,54 The presence of HIV-specific CD8+ T cells
in CSF of controllers may be a response to low-level CNS
infection that is below the detection threshold of standard
assays.55 However, we observed comparable frequencies of
HIV-specific T cells in CSF of controllers (with undetectable
CSF VL) and NC (including several with CSF VL >103

copies/ml), arguing against a straightforward relationship
between these cells and viremia. Furthermore, the four in-
dividuals with the highest frequencies of HIV-specific T cells
in CSF in this study had CD4 counts below 500 cells/ll,
suggesting an association between high CSF HIV-specific T-
cell frequencies and disease progression.

CNS T-cell trafficking may also be enhanced by persistent
immune activation, which has been reported in EC.38,56,57 In
the present study, however, CSF biomarkers of immune ac-
tivation (T-cell activation marker expression and CSF
neopterin levels) were highest in HIV NC and were similar
among controllers, treated individuals, and HIV-negative
controls. Similarly, in a recent study of a panel of CSF bio-
markers in 143 subjects from 8 HIV-infected groups, we
found that 7 of 8 HC had CSF biomarkers in the normal
range; an exception was elevated CSF neurofilament light
chain marker in 1 subject after age correction.58 Never-
theless, several HC in the present study had elevated plasma
neopterin compared to negative controls and ART-treated
subjects, indicating persistent systemic immune activation in
these controllers despite control of HIV replication.

Chemokines and their receptors clearly play a major role in
leukocyte trafficking in health and disease. CCR5 serves as a
major coreceptor for HIV,59–62 as well as a receptor for
chemokines CCL-3, CCL-4, and CCL-5, which mediate
leukocyte migration to tissues.6,63,64 CCR5 is also highly
expressed on activated T cells, and expression levels are
modulated by factors affecting T-cell activation.45 In this
study, higher percentages of CCR5-expressing CD4+ and
CD8+ T cells were present in CSF compared to blood in all
subject groups. CNS viral infection or inflammation may
induce local secretion of b-chemokines, which would che-
moattract CCR5+ leukocytes to the CNS.6 Earlier studies
have implicated a role for CCR5 and its ligands in leukocyte
trafficking to the CNS in multiple sclerosis,21–23 other in-
flammatory conditions,65,66 as well as HIV and other viral
infections.6,67

Not surprisingly, EM CD8+ cells were the predominant
subset in CSF of all subject groups; EM T cells also pre-
dominate at other nonlymphoid immune effector sites
throughout the body.68 Interestingly, in this study, CM cells
were present at higher frequency in CSF than blood of all
subject groups. CM cells, long-lived cells generally harbored
in lymph nodes, are noteworthy for high proliferative capacity
and relative resistance to apoptosis.69 The precise lineage re-
lationship between CM and EM cells remains controversial70;
nevertheless, the abundance of CM cells in CSF, including in
healthy individuals, supports the concept that these cells play
an active role in CNS immunosurveillance, returning to deep
cervical lymph nodes after circulating through CSF.71–73 This

FIG. 4. Neopterin. The graph shows levels of neopterin
(nM) measured in CSF (triangles) and plasma (squares)
obtained from participants in each group. HC, HIV con-
trollers (blue shapes); NC, noncontrollers (red shapes); Tx,
subjects on ART with VL <50 (green shapes); Neg, HIV-
negative controls (black shapes). Lines and asterisks above
the graphs indicate p values for statistically significant dif-
ferences between groups (*p < .05; **p < .01; ***p < .001).
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is an evolving concept in neuroimmunology, supported by
recent studies in animal models of both infectious and neu-
rodegenerative diseases.14,63

Intriguingly, in this study, the two HIV NC with the
highest frequencies of HIV-specific CD8+ T cells in CSF had
‘‘protective’’ MHC class I alleles, HLA-B27, and B57. Viral
escape from epitopes restricted by these alleles has been
documented: controllers positive for HLA-B27 show a robust
response to a single CD8+ T-cell epitope, and viral escape
from this response results in disease progression.74,75 In
contrast, CD8+ T cells of controllers positive for HLA-B57
may respond to one or more of several HLA-B57-restricted
epitopes, and viral escape from one of these epitopes can
often be compensated by responses to other epitopes.27,76,77

Unfortunately, we were not able to test for the presence of
viral escape mutants in plasma or CSF of these two subjects.
Longitudinal studies of individuals with these alleles, to track
the emergence of CTL-resistant viral variants, may improve
our understanding of the relationship between immune es-
cape and viral dissemination to the CNS.

In summary, this study demonstrated that individuals
meeting a stringent definition of HC, as well as more typical
HIV NC, have HIV-specific CD8+ T cells in CSF. Additional
studies of these cohorts may shed further light on how im-
munological control relates to CNS involvement in HIV
disease and may inform approaches to HIV remission/cure
strategies, where the goal is prevention of viral replication
and suppression of abnormal immune activation.
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