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HIV infection can result in depletion of total
CD4� T cells and naive CD8� T cells, and in
the generation of dysfunctional effector
CD8� T cells. In this study, we show that
naive CD8� T cells in subjects with progres-
sive HIV disease express low levels of CD8�

and CD8� chains. Such naive CD8low

T cells display broad signaling defects
across the T-cell receptor complex, and their
appearance correlates with generalized up-
regulation of major histocompatibility com-

plex class I (MHC-I) antigens on peripheral
blood mononuclear cells (PBMCs). To ex-
plore a causal link between increased MHC-I
up-regulation and the generation of naive
CD8low T cells, we used the humanized
SCID-hu Thy/Liv mouse model to show that
HIV infection of the thymus and interferon �

(IFN�) treatment alone result in MHC-I up-
regulation and in the generation of dysfunc-
tional CD3highCD8�CD4� single-positive 8
(SP8) thymocytes with low expression of

CD8. We suggest that dysfunctional naive
CD8low T cells are generated as a result of
IFN�-mediated up-regulation of MHC-I on
stromal cells in the thymus and antigen-
presenting cells in the periphery, and that
dysfunction in this naive compartment con-
tributes to the immunodeficiency of HIV
disease. This study is registered at www.
clinicaltrials.gov as NCT00187512. (Blood.
2011;117(7):2189-2199)

Introduction

Effector CD8� T cells play a critical role in the prevention and control of
viral infections. In HIV disease, however, their function appears to be
inadequate: even in the presence of a high number of such effectors,
virus spread usually proceeds unchecked, leading to progressive loss of
CD4� T cells and, ultimately, to immunodeficiency and death.1 For
reasons that have not been fully elucidated, untreated HIV infection is
associated with a progressive loss of both CD4� and CD8� naive and
resting memory T-cell numbers over time2,3 as well as qualitative and
quantitative changes in the CD8� T-cell functions.4

HIV disease progression can be predicted by viral load as well
as by the level of “chronic immune activation,” measured by levels
of CD8� T-cell activation5,6 and the increased production of
proinflammatory cytokines.7 Among various proinflammatory cyto-
kines that are associated with chronic immune activation and
lentiviral disease progression, interferon � (IFN�) is perhaps best
studied, although its effect in vivo is likely complex. Although this
cytokine can block HIV replication when added to culture before
infection, sustained high levels of IFN� and of IFN-inducible
genes are associated with more rapid disease progression in simian
immunodeficiency virus (SIV)–infected macaques,8 but not in
nonpathogenic SIV infections.9,10

We have previously reported that HIV infection of the human
thymus results in the production of IFN� that, in turn, leads to
up-regulation of major histocompatibility complex class I (MHC-I) on
thymocytes and on thymic epithelial cells (TECs)11 and to the generation
of single-positive CD8 thymocytes (SP8) with low cell-surface expres-
sion of CD8 (CD8low SP8 thymocytes).12 In HIV-infected children,
CD8low peripheral blood T cells were associated with poor responses to

antigenic stimulation.12 Many studies using transgenic murine mod-
els13-15 have shown that CD8 expression is involved in fine-tuning of
CD8� T-cell responses in vivo and that CD8low T cells, when generated,
are associated with defective T-cell responses in vitro and in vivo.15,16

Because T-cell receptor (TCR) activation exhibits exquisite functional
sensitivity to CD8 cell-surface density,16-18 we hypothesized that CD8low

SP8 and CD8low naive T cells may also display reduced functionality in
the setting of HIV infection.

Here, we extend prior observations in humanized mice to HIV-
infected human adults in various stages of HIV disease progression and
treatment and find that progressive HIV disease is associated with
MHC-I up-regulation in the peripheral immune system and the genera-
tion of CD8low T cells in the naive compartment. We show that naive
CD8low T cells are functionally impaired in their early and late responses
after TCR stimulation and that their prevalence is closely associated
with high levels of chronic immune activation and generalized up-
regulation of MHC-I cell-surface expression. Given data in the SCID-hu
Thy/Liv mouse that such changes can also occur on direct administra-
tion of IFN�, we posit that these are IFN-mediated events that occur in
the setting of chronic immune activation and that may play a role in
crippling the host immune response against HIV.

Methods

Subjects

Cryopreserved peripheral blood mononuclear cells (PBMCs) were obtained
from HIV-infected adults enrolled in the University of California, San
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Francisco (UCSF) SCOPE cohort or the UCSF Options cohort.6,19 Four
separate studies of HIV-infected subjects from SCOPE and Options cohorts
(study A to study D) contributed to this analysis, as described in Table 1 and
in more detail in supplemental Methods (available on the Blood Web site;
see the Supplemental Materials link at the top of the online article). All
participants gave written, informed consent in compliance with the
Declaration of Helsinki, using protocols approved by the Committee on
Human Research, University of California, San Francisco.

Phenotypic and functional analysis in HIV-infected subject
PBMCs

Immunophenotyping and calcium flux analyses in study A were performed
simultaneously on cryopreserved PBMCs samples using 7-color multiparam-
eter flow cytometry and the fluorescent calcium indicator Indo-1 AM
(Molecular Probes) as described in Emu et al.19 Phosphokinase assays
(study A) were performed in parallel on the remaining thawed PBMCs. The
assay was carried out as described in Schweneker et al,20 with some
modifications (see supplemental Methods). Immunophenotyping analyses
in studies B and C were performed on cryopreserved PBMCs using 11-color
multiparameter flow cytometry, as described in Loke et al21 and Favre et
al.22 Finally, intracellular cytokine detection was performed on study D
subjects, as described previously.19 Of note, samples from cohorts A and B
were run on different instruments for technical reasons: a FACSDiVa
cytometer (BD Biosciences) with a UV laser was required in cohort A for
calcium flux analysis using the dye Indo-1, whereas an LSR-II cytometer
(BD Biosciences) was used in cohorts B and C to increase antibody panels
to 11 colors as well as sample processing using a high-throughput plate
loader system. With the caveat that the superantigen Staphylococcus
enterotoxin B (SEB) only stimulates T-cell clones expressing V�3, 12, 14,
15, 17, and 20, all of these stimuli are polyclonal in nature. Furthermore, in
the case of SEB, we assumed that TCR signaling of subset V� naive CD8�

T cells was representative of a polyclonal stimulation of the naive CD8�

T-cell population in all HIV groups, because HIV disease progression
appears to have limited influence on the naive TCR repertoire (see
supplemental Methods for more details on each assay).

Viruses, implantation, and inoculation of SCID-hu Thy/Liv mice,
and implant collection and viral load quantification

Virus strains, SCID-hu Thy/Liv mice, inoculation of the Thy/Liv implants
with HIV and collection and viral load quantification were carried out as
previously described12 (see supplemental Methods for more details). A total
of 12 cohorts were included in this study with 15-40 SCID-hu Thy/Liv mice
per cohort and for a total of 255 individual mice. Results were presented as
an aggregate of 11 cohorts (224 animals) after inoculation with NL4-3,
Ba-L, or JD HIV strains. A last cohort (31 animals) was inoculated or not at
different time points to be analyzed on the same day after inoculation with
NL4-3 (21 days), Ba-L (35 days), or JD (14 days) strains or treatment with
Intron A (7 days; 1 � 106 units/day Schering recombinant human interferon
“alfa-2b” once daily [200 �L] intraperitoneally for 6 days). Animal
protocols were approved by the UCSF Institutional Animal Care and Use
Committee.

Phenotypic and functional analysis in SCID-hu Thy/Liv mice

Phenotypic analysis of thymocytes. Fresh thymocytes were stained with
antibodies against CD3, CD4, CD8�, and MHC-I and, in some cohorts,
with additional markers (see supplemental Methods), to measure the mean
fluorescence intensity (MFI) of MHC-I in “double-positive” thymocytes
(DP or CD3neg/dimCD4�CD8�) and median fluorescence intensity (MdFI)
of CD8 in “single-positive” CD8 thymocytes (SP or CD3highCD4�CD8�) in
each cohort. To compare the change of MHC-I and CD8 cell-surface
expression from one cohort to another, the MFI (MHC-I) or MdFI (CD8) of
each individual was converted into a fold-change over controls, correspond-
ing to the ratio of MFI/MdFI over the average MFI/MdFI in mock-infected
controls (RPMI 1640 medium). When presented by fold-change, mock-
infected animals were not included in the linear regression analysis. Of
note, groups of HIV-infected mice treated with 3TC showed low or no
detectable viral loads, and presented the same phenotype as mock-infected
control mice, as described.12 These groups were included in the linear
regression analysis.

Tetramer/pentamer staining. Fresh total thymocytes from a HLA-
A*02� SCID-hu Thy/Liv mouse cohort were stained with antibodies

Table 1. Characteristics of study and group participants

Age at visit
date, y (IQR)

Duration of
HIV infection*†

Viral load,
log10 copies/mL

(IQR)

CD4� T-cell
count, cells/mm3

(IQR)

CD8� T-cell
count, cells/mm3

(IQR)

Study A (n � 25, SCOPE cohort) In y (IQR)*

HAART (n � 10) 39 (34-47) 12 (8-14) � 1.5 967 (432-996) 1586 (1185-2265)

Prog. CD4 � 350 (n � 10) 37 (31-46) 12 (10-13) 4.64 (4.26-5.01) 265 (162-328) 1227 (788-1611)

Neg (n � 5) 31 (25-35) NA NA NA NA

Study B (n � 76, SCOPE cohort) In y (IQR)*

LTNP (n � 10) 50 (46-53) 16 (15-17) 3.04 (1.93-3.45) 814 (769-1037) 1258 (1181-2184)

Controllers (n � 10) 48 (44-51) 16 (15-18) � 1.5 747 (613-1034) 962 (639-1133)

HAART (n � 14) 51 (41-55) 16 (11-21) � 1.5 720 (658-830) 857 (623-958)

Prog. CD4 � 350 (n � 14) 41 (38-44) 13 (10-16) 4.65 (4.24-5.14) 218 (179-260) 1224 (1060-1599)

Prog. CD4 	 350 (n � 14) 43 (37-47) 8 (3-15) 4.53 (4.42-4.72) 504 (473-541) 1325 (950-1801)

Neg (n � 14) 33 (28-44) NA NA NA NA

Study C (n � 27, Options cohort) In mo (IQR)†

Group 1 (early, n � 9) 37 (35-40) 3.4 (2.6-4.2) 3.51 (3.13-3.95) 675 (534-756) 836 (636-911)

Group 2 (early, n � 9) 36 (34-43) 3.1 (2.4-3.3) 4.66 (4.33-4.79) 528 (416-592) 976 (640-1150)

Group 3 (early, n � 9) 39 (34-42) 2.8 (2.4-3.3) 4.67 (3.99-4.88) 592 (480-837) 931 (660-1161)

Group 1 (late, n � 9) 38 (35-41) 14.1 (9.5-14.3) 3.19 (2.95-3.38) 702 (481-805) 781 (630-920)

Group 2 (late, n � 9) 37 (35-44) 13.5 (10.6-14.3) 4.92 (4.73-5.26) 308 (253-437) 974 (594-1102)

Group 3 (late, n � 9) 40 (36-43) 9.6 (8.5-10.9) 4.61 (4.54-4.91) 426 (404-707) 896 (733-1094)

Study D (n � 26, SCOPE cohort) In y (IQR)*

HAART (n � 10) 47 (38-54) 11 (10-16) � 1.5 560 (466-644) 1451 (1396-1508)

Prog. CD4 � 350 (n � 16) 45 (40-54) 15 (10-18) 4.29 (4.19-5.17) 244 (139-394) 889 (606-1199)

IQR indicates interquartile range; Neg, HIV-seronegative subjects; HAART, chronically HIV-infected subjects under highly active antiretroviral therapy; LTNP, long-term
nonprogressors; Controllers, chronically HIV-infected “elite” viral controllers; Prog. CD4 	 350 and Prog. CD4 � 350, chronically HIV-infected progressors with CD4 counts
	 350 or � 350, respectively; and NA, not available.

*Years of self-reported HIV diagnosis (SCOPE cohort).
†Months from estimated infection date (OPTION cohort).
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against CD3, CD4, CD8, and CD69, with the live/dead marker 7-aminoacti-
nomycin D (7-AAD), and with phycoerythrin (PE)–conjugated HLA-
A*0201/ELAGIGILTV (MelanA/MART-1 26-35) class I pentamers (ProIm-
mune) or, as a negative control, iTAg HLA-A*0201/NLVPMVATV (HCMV/
pp65 495-504) class I tetramer (Beckman Coulter).

Calcium flux analysis. Calcium flux was assessed with the fluorescent
calcium indicator Fluo-3 AM or Indo-1 AM (Molecular Probes). Calcium
release was measured during fluorescence-activated cell sorting (FACS)
analysis over time by the change of fluorescence intensity (Fluo-3 AM) or
emission spectrum (Indo-1 AM). TCR activation was induced by adding
streptavidin during FACS acquisition to cross-link biotinylated anti-CD3
antibodies, as well as anti-CD4 and anti-CD8 antibodies, as described in
Schweneker et al20 (see supplemental Methods for more details).

Proliferation. Proliferative responses in vitro were tracked with the
intracellular CFSE dye (Molecular Probes) as described in Favre et al9 and
Loke et al21 (see supplemental Methods for more details). The proliferation
platform from FlowJo software (TreeStar) was used to refine the analysis
with the following calculations: the % divided is the percentage of the cells
of the original sample which divided; the proliferation index is the average
number of divisions that those cells which divided underwent; the division
index is the average number of divisions that a cell (that was present in the
starting population) has undergone. These statistics are related in the
following way: division index � (proliferation index)(% divided).

Statistical analysis

Nonparametric tests were used for all group analyses. Differences in
variables between any 2 groups were analyzed using the Mann-Whitney U
test. Differences between any 3 or more groups were analyzed by analysis
of variance (ANOVA). For longitudinal analysis with 2 time points, a paired
t test was used. Spearman rank correlation was used to determine
correlations between variables.

Results

CD8low naive T cells are prevalent in the setting of HIV disease
progression

Although previous studies have documented decreased levels of
CD8� or CD8� cell-surface expression in peripheral CD8� T cells
of HIV-infected subjects,12,23,24 it has not been clear whether such
levels were decreased equivalently in all CD8� T-cell subpopula-
tions. Because the relative proportion of naive and differentiated
CD8� T-cell subpopulations changes as a function of HIV disease
progression,2,25 we examined cell-surface expression of CD8� and
CD8� chains in peripheral blood CD8� T-cell subpopulations of
recently and chronically HIV-infected subjects in various stages of
disease progression and treatment. Four studies (A to D) were
performed from 2 cohorts of subjects, including a cohort of
chronically HIV-infected subjects (SCOPE cohort) and a cohort of
recently infected subjects (Options cohort; Table 1). Study A
included 5 HIV-seronegative healthy donors (“Neg”), 10 immuno-
logic “progressors” with high viral loads (“Prog. CD4 � 350”),
and 10 virologically suppressed subjects on highly active antiretro-
viral therapy (“HAART”). Study B included 14 high-risk HIV-
seronegative subjects, 14 subjects on HAART, and 48 untreated
subjects at different stages of disease progression, including 10 long-
term nonprogressors (“LTNP”), 10 “elite” viral controllers (subse-
quently referred to as “Controllers”), and 28 subjects with high
viral loads (	 10 000 copies/mL) who had either early- (“Prog.
CD4 	 350,” n � 14) or late-stage disease progression (“Prog.
CD4 � 350,” n � 14). The expression of CD45RA and CD27 was
used to discriminate distinct CD8� T-cell subpopulations, includ-
ing naive CD8� T cells (CD45RAhighCD27high), central-memory
(CM; CD45RA�CD27�), effector-memory (EM; CD45RA�CD27�),

and terminally differentiated RA� effector (TEMRA; CD45RA�CD27�)
CD8� T cells (Figure 1A).

We quantified CD8� and CD8� cell-surface expression on
subset naive and differentiated CD8� T cells by flow cytometry
using anti-CD8� and anti-CD8�� anti–human antibodies and by
measuring the MdFI on live CD3� T cells (see “Phenotypic and
functional analysis in HIV-infected subject PBMCs” and supplemen-
tal Methods). As in the case of HIV infection of the human
thymus,12 CD8� and CD8� cell-surface expression (as measured
by median fluorescence intensity [MdFI]) was decreased in total
CD8� T cells from HIV-infected subjects with progressive
disease compared with HIV-negative donors (data not shown
and supplemental Figure 1A for CD8� in study B).23,24 As
expected,2,25 the composition of the CD8� T-cell compartment
was also altered, with an increase in the proportion of EM
T cells and a corresponding decrease in the proportion of naive
CD8� T cells (P � .05, supplemental Figure 1B). When CD8� and
CD8� expression was measured in each of these subpopulations,
lower levels were observed in differentiated effector cells (eg, EM
and TEMRA) compared with naive and CM pools (data not shown
and supplemental Figure 1C, P � .05 for CD8� in study B), in the
presence or absence of HIV infection. These results suggest that, in
the setting of progressive HIV disease, low expression of CD8 on
the total CD8� T-cell population could simply be due to an
increased fraction of EM cells with low levels of CD8 expression.
However, when the expression of CD8� and CD8� was examined on
CD8� T-cell subpopulations between groups of subjects, it was evident
that disease progression was associated with a uniquely low level of
CD8 expression on naive CD8� T cells, but not memory cells. HAART
partially reversed this process because, in study A, low levels of CD8
expression were observed only on naive CD8� T cells of progressors
(Figure 1B, P � .03 and P � 0.009 for progressors vs HIV negatives
and for progressors vs HAART, respectively). Analysis of CD8� and
CD8� expression levels in study B confirmed that naive CD8low T cells
were prevalent in early- and late-stage HIV disease progressors (with
CD4 	 and � 350, respectively) compared with the matched group of
high-risk HIV-negative donors (Figure 1C, P � .05). As observed in
study A, naive CD8low T cells were not found in treated subjects
(HAART). We also failed to find consistent evidence of CD8low T cells
in the untreated HIV-positive controllers and long-term nonprogressors
(LTNPs; Figure 1C, P 	 .05 comparing the controllers or LTNPs to
HIV seronegatives).

To determine whether the phenotype of low CD8 expression on
naive CD8� T cells might accompany other known predictors of
disease progression, PBMCs from 27 subjects were studied at
2 time points after acute infection: one at an early time estimated to
be approximately 3 months after infection (“acute”) and another
estimated to be at 12 months after infection, that is, at a time when
viral and immunologic set-points are established (“chronic”; study
C from Options cohort). Given our previous results that viral load
(VL) and levels of T-cell immune activation (IA; measured by
cell-surface expression of CD38 in CD8� T cells) are independent
predictors of disease progression at this “chronic” stage,6 these
subjects were subdivided into 3 groups (Table 1, Figure 1D, and
supplemental Figure 2A): group 1 had low VL and low IA; group 2,
high VL and high IA; and group 3, high VL but low IA (see
“Subjects” and supplemental Methods for more detailed descrip-
tion). Predictably6 those in group 2 showed more rapid increases in
VL and decreases in CD4� T-cell counts in the absence of
antiretroviral treatment than did those in groups 1 and 3 (supplemen-
tal Figure 2B-C, respectively). Based on this grouping strategy and
prior results from cross-sectional studies A and B (above), we
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hypothesized that the more rapid disease progression evident in
group 2 (compared with group 1 and group 3) subjects would be
associated with more rapid down-regulation of CD8 expression in
naive CD8� T cells after acute infection. Indeed, comparing 3 and
12 months after infection, both CD8� and CD8� expression were
significantly decreased in group 2 (P � .05 and P � .01, respec-
tively, by paired t test) but not in groups 1 and 3 (P 	 .05; Figure
1E). Altogether, these results suggest that naive CD8low T cells are
generated in the setting of high VL and high IA and that the
presence of such cells is a consistent correlate of HIV disease
progression.

CD8low naive T cells are dysfunctional with respect to Ca2� flux,
phosphorylation of p38MAPK, and IL-2 cytokine secretion

Given previous reports that the surface density of CD8 can
contribute to the binding affinity between the TCR and peptide-

MHC complexes16,18,26 and that down-regulation of CD8 is associ-
ated with impaired T-cell function,27 the ability of naive CD8low

T cells to signal across the TCR was assessed. First, calcium flux
was measured in each of the 4 different CD8� T-cell subpopula-
tions after cross-linking with anti-CD3 and anti-CD8 antibodies.
As shown in Figure 2A, naive CD8� T cells from 3 untreated
progressors (Prog. CD4 � 350) showed a lower percentage of
responding cells compared with naive CD8� T cells from 3 virologi-
cally suppressed (HAART) subjects. When all subjects were
analyzed in aggregate (Figure 2B), the difference in the response of
naive CD8� T cells between progressors and HAART subjects was
highly significant (P � .0002).

To further investigate the mechanisms underlying dysfunction
of the CD8low T-cell compartment, FACS analysis was coupled with
antiphosphotyrosine antibodies to delineate the phosphorylation of key
kinases involved in the Ras–mitogen-activated protein kinase
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Figure 1. Naive CD8low T cells are prevalent in untreated HIV-infected
human progressors. Cryopreserved PBMCs of HIV-negative and HIV-
infected subjects in various stages of disease progression, viral control,
and treatment were analyzed for cell-surface expression of the CD8� and
CD8� chains in the naive pool of CD8� T cells. 3 separate studies
(study A, B, and C) were performed with samples from subjects of
SCOPE and Options cohorts (see Table 1 and “Subjects” and supple-
mental Methods for more details and definitions of these groups). (A)
FACS plot representing gating strategy, CD4 and CD8 expression in
CD3� T cells, and CD45RA and CD27 expression in CD8� T cells (left
to right panels). Naive (CD45RAhighCD27high) CD8� T cells are shown
from a subject with progressive disease (“Prog”), from a virologically
suppressed subject (“HAART”) and from a HIV-negative subject (Neg)
from study A (as indicated by the blue rectangle) with measurement of
CD8� expression (MdFI). (B) CD8� expression (MdFI) in naive CD8�

T cells in all subjects from study A. (C) CD8� (top) and CD8� (bottom)
expression in naive CD8� T cell in all subjects from study B. (D)
Grouping strategy of subjects in study C, based on viral load (“VL”) and
immune activation (“IA” measured by CD38 expression) at approxi-
mately 12 months after infection. (E) Expression of CD8� (higher) and
CD8� (lower) in naive CD8� T cell over time, as measured in subjects
at 3 and 12 months after infection (“acute” and “chronic,” respectively)
from group 1 to 3 in study C (left to right). P values were calculated
using the Mann-Whitney test for group analysis as indicated by the
horizontal bar (B) or compared with HIV-Neg group when not indicated
(C). The paired t test was used for longitudinal follow-up of the same
subject (E). When the P value is not indicated on the graph, the symbols
* and ** indicate that P � .05 or P � .005 for each test, respectively.
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(MAPK) pathway of TCR signaling (eg, Erk1/2 and p38MAPK)
after cells were stimulated with phytohemagglutinin A (PHA). As
detailed previously,20 phosphorylation responses were calculated as
a fold-induction of MFI of phospho-p38MAPK or phospho-Erk1/2
in naive CD8� T cells, comparing PHA-stimulated and unstimu-
lated PBMCs. Phosphokinase and calcium flux experiments were
conducted in parallel on the same samples, enabling direct compari-
son of CD8 expression levels, calcium flux responses, and the
fold-induction of phosphorylation in CD8� naive T cells. De-
creased phosphorylation of p38MAPK in naive CD8� T cells was
associated with poor calcium flux (Figure 2C, P � 0.004) and
normal levels of Erk1/2 phosphorylation (data not shown). Further-
more, CD8� expression in naive CD8� T cells was directly
correlated with impaired function as measured by lower levels
of calcium flux (Figure 2D, P � .002) and of phosphorylation of
p38 MAPK (Figure 2E, P � .03; but normal levels of Erk1/2
phosphorylation [data not shown]).

Finally, we addressed whether naive CD8low T cells were
dysfunctional with respect to their ability to produce IL-2 (the
principal cytokine expressed by naive CD8� T cells). IL-2 and
IFN
 production were assessed (using 8-color FACS analysis of
naive CD45RA�CD27�CCR7�CD28�CD8� T cell; Figure 3A)

after superantigen (SEB) stimulation of cells from 10 virologically
suppressed HAART subjects and 16 progressors with high VL
(	 10 000 copies/mL) and CD4 counts � 350 cells/�L (Figure 3A;
study D and also described previously).19 As expected, naive CD8�

T cells from both groups of subjects demonstrated very low IFN

responses (Figure 3B) and low IL-2 responses (1%- to 3%-positive
events) compared with memory CD8� T cells (15%-20% for CM;
data not shown). Notably, however, naive CD8� T cells from
progressors displayed significantly lower (P � .002) IL-2 re-
sponses compared with those of virologically suppressed HAART
subjects (Figure 3B). In aggregate, these data indicate that HIV-
mediated changes in CD8 expression correlate with the presence of
dysfunctional naive CD8� T cells.

Naive CD8low T cells are associated with MHC-I up-regulation in
HIV-infected subjects

Many prior reports indicate that HIV infection triggers chronic
inflammation characterized by increased circulating levels of
proinflammatory cytokines.7 We have previously shown that HIV
infection of the human thymus induces IFN� expression by
plasmacytoid dendritic cells (pDCs) which, in turn, results in
MHC-I up-regulation and the generation of CD8low SP8 thymo-
cytes.11 To determine whether the generation of naive CD8low

T cells in HIV-infected subjects also occurs in association with
generalized MHC-I up-regulation, peripheral blood cells were
evaluated from HIV-seropositive and -seronegative subjects in
studies A and B. Data from these individuals showed that MHC-I
cell-surface expression (measured by MHC-I MFI) was substan-
tially increased in CD4� T cells (Figure 4A) as well as all other
populations of PBMCs, including CD8� T cells, CD3-negative
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representative example (C right). (D-E) Finally, both calcium flux (D) and phospho-
p38MAPK (E) responses were correlated with the CD8� expression in naive
(CD45RAhighCD27high) CD8� T cells. P values are indicated for Spearman rank
correlation test. R2 is also indicated (from the Pearson coefficient of correlation).

2.92 1.06

0.010.25

HAART Prog. CD4<350

SEB

Unstim

IL-2

C
D

8

A

B

%
 o

f C
yt

ok
in

e+

Prog CD4<350
(n=16)

HAART
(n=10)

0

2

4

6

8

IL-2 IFNγ

P = 0.001

N.S.

Figure 3. CD8low CD8 naive T cells from untreated HIV-infected subjects are
functionally impaired with respect to IL-2 secretion after TCR stimulation.
PBMCs from subjects in study D, including 16 Prog. CD � 350 and 10 HAART subjects,
were stimulated or not by the superantigen SEB to determine IFN
 and IL-2 intracellular
cytokine response. Cells were stimulated overnight and analyzed for cytokine secretion in
combination with surface staining for CD3, CD4, CD8, CD45RA, CD27, CD28, and CCR7.
(A) Ethidium monoazide (EMA) labeling was also used to discriminate live from dead
cells. (B) The frequency of IL-2 but not IFN
-responding cells was determined in
naive CD8� T cells (EMA�CD3�CD8�CD45RA�CD27�CCR7�CD28�). P values
were calculated using Mann-Whitney test for group analysis as indicated by the
horizontal bar.

DYSFUNCTIONAL NAIVE CD8� T CELLS DURING HIV DISEASE 2193BLOOD, 17 FEBRUARY 2011 � VOLUME 117, NUMBER 7

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/117/7/2189/1492504/zh800711002189.pdf by guest on 12 June 2024



lymphocytes (including B and NK cells), and monocytes (supple-
mental Figures 3A and data not shown) from untreated progressors
with early- (CD4 	 350 cells/�L) and late- (CD4 � 350 cells/�L)
stage disease compared with other groups (eg, LTNP, controllers,
HAART-suppressed and HIV-negative healthy controls). Such
MHC-I up-regulation was directly correlated with increased im-
mune activation (measured by CD38 expression on CD8� T cells;
supplemental Figures 3B-C, and data not shown) as well as
decreased peripheral blood CD4� and naive CD8� T-cell counts
(supplemental Figure 3D and data not shown; P � .005). To
determine whether MHC-I expression correlated with more rapid
disease progression during early HIV infection, we measured
MHC-I MFI in CD4� T cells at 3 and 12 months after infection in
subjects within study C. Results showed that MHC-I MFI was
significantly increased between these time points in subjects with
high IA and high VL set-points, both on paired as well as per-group
analyses, (ie, group 2, P � .03 by paired t test and P � .04 by
unpaired t test) but not in subjects with low IA and low (ie, group 1)
or high (ie, group 3) VL set-points (P 	 .05 by paired t test and by
unpaired t test; Figure 4B). These results confirm prior observa-
tions that HIV disease progression is associated with increased
levels of CD8� T-cell activation (as defined by CD38 and other
markers)6 and with a decline in the CD8� naive T-cell count.23,24

They also demonstrate that there is generalized increased expres-

sion of MHC-I on PBMCs, despite the documented Nef-mediated
down-regulation of MHC-I that occurs in HIV-infected cells in
vitro.11 Finally, by linear regression analysis, we found that the
degree of CD8� and CD8� down-regulation on naive CD8� T cells
was directly correlated with the degree of MHC-I up-regulation on
CD4� T cells (Figure 4C, P � .008; and other PBMC populations
[P � .05 for each pairwise comparison; data not shown]).

HIV infection of the human thymus results in up-regulation of
MHC-I and to the selection of dysfunctional CD8low SP8
thymocytes

To further delineate the relationship between MHC-I up-regulation
and the generation of dysfunctional naive CD8low T cells during
HIV infection in vivo, we turned our attention to experimental
infection of the SCID-hu Thy/Liv mouse. In previous experiments,
HIV infection of the human thymic implant of such animals was
found to lead to IFN�-induced up-regulation of MHC-I on
thymocytes and thymic epithelial cells11 and to the selection of SP8
thymocytes that express low levels of CD8 (CD8low SP8 thymo-
cytes) and that were less responsive to antigenic stimulation in
HIV-infected pediatric patients.11,12 We have now extended these
observations to an analysis of HIV infection in 12 separate cohorts
of (a total of 255) SCID-hu Thy/Liv mice. In each experiment (data
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Figure 4. In HIV-infected subjects, generalized up-regulation of
cell-surface MHC-I in PBMCs is associated with disease progression,
chronic immune activation, and naive CD8low T cells. MHC-I cell-
surface expression was measured by the MFI of MHC-I in PBMCs from
subjects in studies A, B, and C, as shown here in CD4� T cells. (A) MHC-I
cell-surface expression in study A (left) and study B (right); of note,
differences in MHC-I MFI measurements between study A and B are
because of the use of different flow cytometers with different instrument
settings. (B) MHC-I cell-surface expression in CD4� T cells from study C at
3 and 12 months infection (“acute” and “chronic,” respectively). (C) Corre-
lation between MHC-I cell-surface expression and CD8� expression in
naive CD8� T cells in study A (left) and study B (right). P values were
calculated using the Mann-Whitney test for group analysis as indicated by
the horizontal bar (A). Two-tailed paired and unpaired t tests were used for
longitudinal follow-up of the same subject and for group analysis, respec-
tively (B). When the P value is not indicated on the graph, the symbols
* and *** indicate that P � .05 or P � .0005 for each test, respectively.
P values are indicated for Spearman rank correlation for correlation test.
R2 from the Pearson coefficient of correlation is also indicated.
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not shown) as well as in 11 experiments combined (supplemental
Figure 4A), there was a highly significant (P � .0001) correlation
between VL in the implants (as measured by HIV RNA content per
million total thymocytes) and the fold-increase (relative to mock-
infected controls) of MHC-I expression on CD3neg/dimCD4�CD8�

(double-positive [DP]) thymocytes. MHC-I up-regulation, in turn,
was associated with a decrease in the MdFI of CD8 on SP8
thymocytes. As shown in Figure 5A, the decrease in CD8 MdFI
was in some cases associated with the appearance of a discrete
subpopulation of CD8low cells; in other cases, the fluorescence
intensity of the entire CD8 SP8 population shifted downward in a
unimodal manner. By linear regression analysis, the prevalence of
CD8low SP8 thymocytes in infected Thy/Liv implants was inversely
related to the fold-change of MHC-I (supplemental Figure 4B,
P � .0001). This was the case whether the implants were infected
with R5-tropic (eg, Ba-L), X4-tropic (eg, NL4-3), or dual-tropic
(eg, JD) HIV, as shown as an example in one additional single
cohort (Figure 5B). To confirm in this model that IFN� alone could
solely cause such increases in MHC-I expression, SCID-hu Thy/
Liv mice were treated for 6 days with IFN� (Intron A at 1 � 106

units/day). At day 7, CD8low SP8 thymocytes were also observed
only when MHC-I up-regulation was evident on thymocytes
(Figure 5B black circles).

The function of CD8low SP8 thymocytes in HIV-infected
Thy/Liv implants was next assessed by calcium flux after TCR
cross-linking with anti-CD3 and anti-CD8 antibodies. As shown in
the representative examples of Figure 5C, peak calcium flux in
cells from HIV-infected Thy/Liv implants was found to be lower
than that observed in mock-infected implants. This change was
statistically significant when analyzed across all samples (Figure
5D, P � .005), comparing cells from HIV-infected implants with
those obtained from implants that had either been mock-infected or,
alternatively, infected and treated with the antiretroviral agent,
3TC. Moreover, SP8 thymocytes that had the lowest levels of
calcium flux also had the lowest levels of CD8 (Figure 5E,
P � .0001).

The proliferation status of anti-CD3/anti-CD28-stimulated cells
was assessed in parallel using carboxyfluorescein succinimidyl
ester (CFSE) dilution (Figure 6). In preliminary experiments (data
not shown), CD8low SP8 thymocytes from HIV-infected Thy/Liv
implants were found to proliferate less well than those from
mock-infected implants. To exclude the possibility that such a
change in proliferation might be because of a deficiency of IL-2 in
the culture (eg, secondary to the loss of thymocyte subpopulations
that secrete IL-2), SP8 thymocytes (enriched after bead depletion
of CD4� thymocytes) were stimulated with plate-bound anti-CD3
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Figure 5. HIV infection generates dysfunctional CD8low

SP CD8 thymocytes in the SCID-hu Thy/Liv mouse
model. Saline, or 1000 50% tissue culture infective dose
(TCID50) of X4-tropic (NL4-3), R5-tropic (Ba-L), or dual-
tropic X4-R5 (primary isolate JD) HIV were inoculated
into individual cohorts of 30-40 SCID-hu Thy/Liv mice
each. In most cohorts, several groups were also treated
with antiretroviral drugs (eg, 3TC). Viral load (HIV RNA
content per million total cells) as well as phenotypic and
functional parameters were measured by flow cytometry
in human thymocytes from each implant 3 to 7 weeks
after inoculation. (A) FACS plot of SP8 thymocytes in
Mock- and HIV-infected human thymus. (B) Correlation
between CD8� expression in SP8 thymocytes and MHC-I
expression in double-positive (DP) thymocytes from indi-
viduals within the same cohort of HLA-A2� SCID-hu
Thy/Liv mice, including animals inoculated with medium
(Mock), HIV NL4-3, Ba-L, or JD, and compared with IFN�
treatment alone. (C-E) Calcium flux response after TCR/
CD8 cross-linking in SP8 thymocytes from a cohort of
SCID-hu Thy/Liv mice, 21 days postinoculation with
NL4-3: representative calcium flux kinetic from 2 mock-
infected (blue line) or 2 NL4-3-infected mice (red line). (C)
Calcium flux peak responses in all animals (D) and
correlation with CD8� expression in SP8 thymocytes
(E). P values were calculated using the Mann-Whitney
test for group analysis and by Spearman rank correlation
for correlation test. R2 from the Pearson coefficient of
correlation is also indicated.
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antibodies and soluble anti-CD28 antibodies in the presence of
IL-2. Even under these conditions, the proliferative capacity of
CD8low SP8 thymocytes from an HIV-infected Thy/Liv implant
was lower than that observed in a mock-infected implant, in terms
of percentage of divided cells (43.7% vs 65.9%), proliferative
index (1.8 vs 2.8), and division index (0.79 vs 1.44; Figure 6A).
This observation was borne out in larger numbers of animals: as
shown in Figure 6B, the percentage of divided cells was lower in
SP8 thymocytes obtained from HIV-infected Thy/Liv implants
compared with that obtained with cells from mock-infected of
infected/treated implants (P � .0001). As in the case of calcium
flux, cell populations with the lowest level of expression of CD8�
also showed the lowest levels of proliferation (Figure 6C,
P � .0001).

Finally, to delineate the effects of MHC-I up-regulation on
antigen-specific SP8 thymocytes, we studied the frequency and
phenotype of SP8 thymocytes reactive against the HLA-A2–

restricted self-antigen, Melan-A in HLA-A2� Thy/Liv implants
infected with various HIV isolates or treated with IFN� (Figure
7A). SP8 thymocytes and naive CD8� T cells with TCRs specific
for the self-peptide MelanA have been previously shown to be
detectable in HLA-A*02� individuals with frequencies of 0.07%
and 0.04%, respectively.28 As shown in the representative flow
cytograms of Figure 7A and the aggregate data of Figure 7B, a
discrete (0.04%) subpopulation of HLA-A2� SP8 thymocytes was
observed to bind to HLA-A2-MelanA tetramers in mock-infected
Thy/Liv implants. After infection with R5 HIV (Ba-L) or with X4
HIV (NL4-3), or after treatment of Thy/Liv mice with IFN�, this
population was found to be diminished in size relative to mock-
treated animals (Figure 7B). Interestingly, both the frequency of
MelanA� SP8 thymocytes (Figure 7C, P � .002) and the expres-
sion of CD8 on the remaining MelanA� SP8 thymocytes (Figure
7D, P � .01) fell as MHC-I expression was up-regulated in
HIV-infected or IFN�-treated implants. These data suggest that
up-regulation of MHC-I in the thymus leads both to increased
negative selection against antigen-specific SP8 thymocytes and to
the selection of antigen-specific cells that have lower levels of CD8
expression.

Discussion

Functional impairments of CD8� T cells have been characterized
in many persistent viral infections, including HIV and hepatitis C
virus (HCV) infection in humans, SIV infection in macaques, and
lymphocytic choriomeningitis virus (LCMV) infection in mice.4,29

In all cases, such impairment has been manifest at the level of
differentiated, memory/effector CD8� T cells. Likewise, reports of
functional defects in CD8� T-cell signaling, cytokine production,
granzyme/perforin production, and proliferation have all been
studied in the context of cell subpopulations with an effector
phenotype.4

Here, we show that functional defects may also be observed in
the naive compartment of CD8� T cells. In both the HIV-infected
human with progressive disease and the HIV-infected SCID-hu
Thy/Liv mouse, naive CD8� T cells with low expression levels of
CD8 were found to have defects in TCR signaling on stimulation
with polyclonal activators such as anti-CD3, SEB, or PHA. Indeed,
TCR signaling of both CD8low SP8 thymocytes from HIV-infected
thymi and naive CD8low T cells from HIV-infected progressors was
functionally impaired in vitro in calcium flux response, phosphory-
lation of p38MAPK, production of IL-2, and proliferation. These
findings suggest that HIV infection generates CD8low SP8 thymo-
cytes and peripheral CD8low naive T cells that are dysfunctional in
the calcium/calmodulin/calcinurin/NFAT and MAPK pathways
involved in IL-2 secretion and proliferation. Such defects were
observed across the entire naive CD8� T-cell compartment as
suggested by the unimodal distribution of low CD8 cell-surface
expression on naive CD8� T cell from HIV-infected progressors.
When studied at the antigen-specific level (eg, in the context of
specific T cells), defects in TCR signaling were associated with an
absolute loss of antigen-specific T cells and with the selection of
SP8 thymocytes with low CD8 expression. Because the memory
and effector CD8� T-cell compartment is sustained in part by
recruitment of naive CD8� T cells,30 these observations suggest
that functional impairment of the naive CD8� T-cell compartment
is related to HIV disease progression and may represent an
underlying lesion of the immune system.
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Figure 6. CD8low SP8 thymocytes have impaired proliferative capacities after
TCR stimulation. Thymi from SCID-hu Thy/Liv mice were processed 21 days after
direct intrathymic inoculation of saline (mock) or HIV JD, as described in Figure 5.
MHC-I MFI and CD8 MdFI were determined at day 0 on total fresh thymocytes. In
parallel, CD3 and CD28 proliferative responses were assessed on purified SP8
thymocytes after 5 days by CFSE dilution. (A) CFSE proliferative responses (flow
plots, higher), histogram representation (red curve, lower), and modeling (blue curve,
lower) in SP8 thymocytes from representative examples of mock- or HIV-infected
SCID-hu Thy/Liv mice, indicating the percentage of divided, proliferative index, and
division index after proliferation, as well as CD8 expression at the starting day (Day
0). (B) Percent of divided SP8 thymocytes (modeling) in HIV-infected SCID-hu
Thy/Liv mice (n � 8) compared with mock- and virally suppressed 3TC/HIV-infected
animals (n � 9, P � .001) and (C) correlation to CD8 MdFI at day 0 (P � .0001).
P values were calculated using the Mann-Whitney test for group analysis and by
Spearman rank correlation for correlation test. R2 from the Pearson coefficient of
correlation is also indicated.
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The loss of CD8� naive T cells has been consistently observed
during HIV progression in patients2 and in SIV-infected pathogenic
primate models.31 Such losses have been attributed to the inability
to produce such cells from progenitors in the bone marrow, thymus,
and peripheral lymphoid system or to continuous recruitment to
compensate for accelerated destruction of memory/effector cells in
the periphery (eg, through chronic immune activation).1 Although
we do not show evidence in this article that MHC-I up-regulation
occurs in HIV-infected human tissues, we previously found sus-
tained MHC-I up-regulation in all B, T, and monocytic cell
compartments of lymphoid organs (eg, peripheral and mediastinal
lymph nodes, spleen, and gut-associated lymphoid tissue) and in
the thymus of SIV-infected macaques with progressive disease
(D.F., R. Reyes, unpublished observations, April 2005) as well as
increased IFN-signaling in rectosigmoid biopsies of HIV-infected
patients.21 These observations suggest that MHC-I is also up-
regulated in tissues from humans with progressive HIV disease.
Here, and in a manner consistent with the “activation-threshold
tuning” hypothesis,32 we speculate that CD8low naive T cells may
be selected in the thymus or in secondary lymphoid organs through
high avidity interactions with antigen presenting cells that have
unusually high levels of MHC-I.

Indeed, several studies have demonstrated that pDCs are
activated through TLR7 and TLR9 after exposure to HIV or to
HIV-infected CD4� cells, culminating in the secretion of IFN� and
maturation to antigen-presenting cells.33 In this and a previous
study,11 we have shown that HIV infection of the thymus also
results in IFN� secretion which, in turn, is associated with
up-regulation of MHC-I expression on thymocytes and thymic
epithelial cells. In addition, we show here that administration of
IFN� alone leads to MHC-I up-regulation and to the generation of
CD8low SP8 thymocyte in SCID-hu Thy/Liv mice (Figure 5B).
Finally, we show that SP8 thymocytes reactive against the self-
peptide MelanA displayed a CD8low SP8 phenotype and that their
frequency was reduced by half after the up-regulation of MHC-I
thymic expression by productive HIV infection or IFN� treatment
(Figure 7). These observations are consistent with, but do not
prove, the hypothesis that MHC-I up-regulation on TECs leads to
high-avidity interactions with developing thymocytes that may

favor the selection of CD8low SP8 thymocytes of lower avidity.34

An alternative possibility is that increased TCR signaling induced
by enhanced MHC-I expression may lead to “coreceptor tuning”
among SP8 thymocytes, with down-regulation of CD8 expression
in positively selected thymocytes.35 Although it is difficult to
discriminate between these possibilities, a “true” selection of
preexisting CD8low SP thymocytes is supported by studies of
high-avidity mouse models of T-cell development.13,36

The above observations also raise a related question about the
origin of naive CD8low T cells in secondary lymphoid organs: could
these cells arise through de novo selection in peripheral lymphoid
tissues?37 This possibility is supported by transgenic and avidity
mouse models in which naive (but not memory) CD8� T cells are
critically dependent on TCR/MHC-I interactions for their survival
and homeostatic expansion.37-39 Although it remains to be estab-
lished whether such increased avidity interaction and selection of
CD8low naive T cells could also occur as a consequence of
generalized MHC-I up-regulation in the periphery during HIV
disease, this possibility would extend the relevance of these
observations beyond pediatric infection (wherein the thymus is
likely active) to include adult infections as well (wherein the
thymus may often be less active, if active at all).

At last, could naive CD8low T cells result from chronic T-cell
activation that could directly “de-activate” and tune down CD8
expression on activated cells, independent of TCR signaling
defect? Historically, nonfunctional T cells have been observed
before and interpreted as a sign of HIV-induced immune defi-
ciency.40 Such diminished reactivity in vitro and ex vivo41 that can
be “rescued” after cell culture in the presence of IL-2 or IL-15 has
been related to “chronic immune activation” defined, in its
restricted sense, as a state of hyperimmune reactivity involving
differentiated CD4� and CD8� T cells, and to some degree, naive
T cells.6,19,20,42 In our study, naive CD8low T cells were prevalent in
the peripheral circulation of HIV-infected progressors who also
demonstrated signs of chronic immune activation. Interestingly,
however, activation of the naive CD8� T-cell pool, as measured by
expression of HLA-DR and CD38 as well as the percentage of
Ki67� cells, was clearly reduced compared with that observed in
differentiated memory and effector T cells, and the level of T-cell
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Figure 7. Generation of CD8low SP8 thymocytes correlates with
reduced frequency of Melan-A–specific thymocytes. SP8 thymocytes
from HLA-A2� SCID-hu Thy/Liv mice (see Figure 5B) were enriched by
CD4 depletion on magnetic beads and stained with MelanA pentamers or
control CMV tetramers. (A) Representative examples in each group.
(B-D) Frequency of MelanA� SP8 thymocytes for all thymi (B), correlation
with MHC-I up-regulation on DP thymocytes (C), and correlation with
CD8� expression in MelanA� SP8 thymocytes (D). P values were
calculated using the Mann-Whitney test for group analysis and by
Spearman rank correlation for correlation test. R2 from the Pearson
coefficient of correlation is also indicated.
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activation was actually not significantly different between
CD45RAhighCD27high naive CD8� T cells from nonprogressors and
those from progressors (data not shown; see supplemental Figure 5
for an example of Ki67� expression in subjects from study B,
P 	 .05). These observations suggest that T-cell immune activation
is not directly related to the CD8low phenotype, as observed in naive
CD8� T cells during HIV disease progression. Although this
observation does not solve the cause and effect conundrum, it
suggests that the decline of naive CD8� T cells in patients with
progressive HIV disease might be due both to decreased production
and enhanced recruitment1 as well as to impaired survival and
limited homeostatic proliferation. The latter defect could be the
result of increased immune activation and inflammation, in particu-
lar sustained IFN� response and MHC-I up-regulation, and the
generation of dysfunctional CD8low naive T cells though high-
avidity interactions.

Of note, although the sustained inflammatory syndrome associ-
ated with HIV disease progression, in particular IFN� response, is
pathognomonic of pathogenic lentiviral infection,10 clinical experi-
ence suggests that administration of IFN� (at least 1 of the 13 IFN�
isoforms in the form of pegylated interferon alfa-2b) does not seem
sufficient alone to cripple the immune system in virologically
controlled HIV patients with concomitant HCV infection,43 not to
mention in HIV-negative HCV-infected patients or those with
multiple sclerosis. IFN� treatment in small cohorts of (non-HCV)
HIV-infected patients also suggested some benefit in primary
antibody responses and controlling VL.44,45 These “phenomeno-
logic” observations should, however, be balanced by the high
occurrence of autoimmune adverse effect in IFN�-treated patients
and the well-established relationship between IFN and the pathol-
ogy of systemic autoimmunity, including systemic lupus erythema-
tosus, systemic sclerosis, rheumatoid arthritis, dermato/polymiosi-
tis, and Sjogren syndrome.46 It is probable that a delicate balance
exist in vivo between the beneficial effects of IFN� on controlling
viral load and/or coinfections (HCV and others) and detrimental
side effects on immune activation, depending of viral load itself
and to multiple innate factors, including pDCs.47,48

Altogether, we have shown here that HIV disease progression
correlates with the occurrence of dysfunctional naive CD8low

T cells in the setting of chronic systemic immune activation.
Although the origin and the fate of these cells remain to be
determined, it is tempting to extrapolate that a functionally
impaired naive CD8low T-cell compartment in vivo may further
cripple T-cell immune responses during the course of HIV disease
progression.49 If so, then future maneuvers to sustain immune

responses and to restore high-avidity CD8� T-cell responses in
HIV-infected patients50 may also focus on preventing the genera-
tion of such naive CD8low T cells.
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