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Identification of T-cell subsets that are infected in vivo is essential to understanding the pathogenesis of
human immunodeficiency virus (HIV) disease; however, this goal has been beset with technical challenges.
Here, we used polychromatic flow cytometry to sort multiple T-cell subsets to 99.8% purity, followed by
quantitative PCR to quantify HIV gag DNA directly ex vivo. We show that resting memory CD4� T cells are the
predominantly infected cells but that terminally differentiated memory CD4� T cells contain 10-fold fewer
copies of HIV DNA. Memory CD8� T cells can also be infected upon upregulation of CD4; however, this is
infrequent and HIV-specific CD8� T cells are not infected preferentially. Naïve CD4� T-cell infection is rare
and principally confined to those peripheral T cells that have proliferated. Furthermore, the virus is essentially
absent from naïve CD8� T cells, suggesting that the thymus is not a major source of HIV-infected T cells in
the periphery. These data illuminate the underlying mechanisms that distort T-cell homeostasis in HIV
infection.

Although human immunodeficiency virus type 1 (HIV-1)
infection is characterized by the progressive depletion of
CD4� T cells, the mechanisms underlying this remain contro-
versial (18, 22). Furthermore, the profound qualitative changes
in both CD4� and CD8� T cells that are observed in HIV-
infected individuals are still not well understood (1, 6, 24, 32,
43, 46). It has been estimated that the frequency of CD4�

T-cell infection by HIV in vivo is probably too low to account
alone for the death and dysfunction of T cells throughout the
disease (5, 17). CD4� T-cell loss is likely effected by factors
including increased memory T-cell turnover, damage to the
thymus and other lymphoid tissues, limitations in CD4� T-cell
renewal, and the direct destructive effects of the virus on sus-
ceptible T-cell pools.

Developmental and homeostatic relationships between var-
ious T-cell compartments—thymocytes, naïve T cells, and rest-
ing memory, effector, and terminally differentiated T cells—are
affected by HIV. A fuller appreciation of infection within these
compartments may lead to a better understanding of HIV
disease pathogenesis and events that result in latent infection
(13, 20). For example, it has been shown that memory CD4� T
cells specific for HIV are preferentially infected by the virus,
which may contribute to the loss of HIV-specific CD4� T-cell
responses (14, 17, 24). Furthermore, it has been shown that
developing thymocytes at the CD4� CD8� double-positive
stage can become infected by HIV and thus might contribute
to infection of the peripheral naïve CD4� and CD8� T-cell

pools (7, 9, 25, 28, 33, 34, 38, 44). Such infection of naïve T cells
has important consequences, as they might serve as a quiescent
reservoir for virus (19), supply the larger pool of infected
memory CD4� T cells, contribute to infection of CD8� T-cell
pools (30, 34, 44), and attenuate homeostatic maintenance of
the diminishing memory CD4� T-cell pool (18, 23). Addition-
ally, the evidence that dividing CD4� T cells are infected more
efficiently than resting T cells (55) implies that HIV infection,
through inhibition of proliferation or cytotoxicity, would affect
the in vivo generation of terminally differentiated CD4� T cells
(8).

There are limited data on HIV infection of memory and
naïve CD4� T cells in vivo (10, 42) and CD8� T cells (25, 30,
34, 44). While studies have demonstrated the presence of HIV
in these T-cell subsets, the purity of T-cell populations ana-
lyzed ex vivo limits interpretations. However, recent advances
in flow cytometry have allowed us to accurately define T-cell
subsets with many more parameters than previously and to
isolate them at high purity (16).

In this study we used polychromatic flow cytometry to sort
multiple CD4� and CD8� T-cell subsets, defined by 11 phe-
notypic parameters, directly from the peripheral blood mono-
nuclear cells (PBMC) of HIV-infected individuals. We com-
pared the frequency of HIV infection by quantitative PCR
within each of these subsets. Importantly, subjects with viremia
may have increased unintegrated viral DNA compared to in-
dividuals with low viral load. Our quantitative PCR assay can-
not distinguish between provirus and unintegrated viral DNA.
Unintegrated viral DNA would have different physiological
consequences compared to viral DNA; however, our assay
offers a measure of infection history nonetheless. Our data
provide detailed information of the degree to which different

* Corresponding author. Mailing address: Building 40 3504, 40 Con-
vent Dr., National Institutes of Health, Bethesda, MD 20892. Phone:
(301) 594-8585. Fax: (301) 480-2779. E-mail: rkoup@mail.nih.gov.
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T-cell compartments serve as substrates and reservoirs for HIV
in vivo and relationships between these compartments. Such ex
vivo analysis of the differential infection of T-cell subsets pro-
vides a mechanistic framework to comprehend HIV pathogen-
esis in vivo.

MATERIALS AND METHODS

Study subjects. Twenty-two HIV-1-infected subjects were recruited for this

study. These subjects included men and women with CD4 counts varying from

101 to 1,746 and viral load varying from �50 to 170,004; 11 of the individuals

were being treated with highly active antiretroviral therapy, and 11 of the indi-

viduals were highly active antiretroviral therapy naïve. Clinical details are shown

in Table 1. Viral loads were determined with either the Roche Amplicor Monitor

assay or the Roche Ultradirect assay. The subjects all gave informed consent in

compliance with the appropriate institutional review board.

Peptides. Fifteen-mer peptides overlapping by 11 amino acids corresponding

to sequences of the chimeric HXBc2/Bal R5 HIV strain were synthesized as free

acids, and lyophilized peptides were resuspended and grouped together in cor-

responding antigen mixtures as previously described (8).

HIV-specific stimulation assay. Stimulation was performed on fresh or frozen

PBMC as described elsewhere (40). Freshly isolated or freshly thawed PBMC

were resuspended at 106/ml in RPMI medium supplemented with 10% heat-

inactivated fetal calf serum and 1 �g of anti-CD28 and anti-CD49d antibodies

per ml. Overlapping peptides were used to stimulate HIV-specific T cells in the

presence of brefeldin A (1 �g/ml) (Sigma) for 5 h at 37°C. All cells were surface

stained for phenotypic markers of interest and intracellularly stained for cyto-

kines or surface stained for tetrameric major histocompatibility complexes.

Monoclonal antibodies. Monoclonal antibodies used for phenotypic charac-

terization of T-cell subsets were anti-CD19 conjugated to Cy5-phycoerythrin

(Cy5PE), anti-CD14 conjugated to Cy5PE, anti-CD56 conjugated to Cy5PE,

anti-CD57 conjugated to fluorescein isothiocyanate, anti-CD27 conjugated to

phycoerythrin, anti-gamma interferon (anti-IFN-�) conjugated to allophycocya-

nin (APC; Becton Dickinson Pharmingen, San Diego, Calif.), anti-CD45RO

conjugated to energy-coupled dye (Coulter), CD3 conjugated to Cascade blue,

CD8 conjugated to Cy7PE CD4 conjugated to Alexa 594, and CD11a conjugated

to Cy7APC. Unconjugated antibodies against CD3, CD8, CD4, and CD11a were

obtained from BD Pharmingen and were then conjugated with the appropriate

fluorochrome (Molecular Probes, Eugene, Oreg.; Amersham, Piscataway, N.J.;

Prozyme San Leandro, Calif.) with standard protocols (http://drmr.com/abcon).

In some experiments, anti-CD31 conjugated to phycoerythrin (BD Pharmingen)

and anti-CD27 conjugated to allophycocyanin (BD Pharmingen) were used in

lieu of anti-IFN-� conjugated to allophycocyanin and anti-CD27 conjugated to

phycoerythrin.

Flow cytometric cell sorting. All sorts were performed on stained cells fixed

with 1% paraformaldehyde (Electron Microscopy Sciences, Ft. Washington, Pa.)

with a modified FACS DIVA (BD Pharmingen). Instrument set-up was per-

formed according to the manufacturer’s instructions. All sorts were performed at

25 lb/in2. Instrument compensation was performed with antibody capture beads

(BD Pharmingen) stained singly with individual antibodies used in the test

samples.

Viral DNA. HIV DNA was quantified by quantitative PCR with an ABI7700

(Perkin-Elmer, Norwalk, Conn.) as previously described (17). To quantify cell

number in each reaction, quantitative PCR was performed simultaneously for

albumin gene copy number as previously described (17). Standards were con-

structed for absolute quantification of Gag and albumin copy number and were

validated with sequential dilutions of 8E5 and Ach2 cell lysates, which contain

one copy of Gag per cell. Duplicate reactions were run and template copies were

calculated with ABI7700 software. When no viral DNA was amplified from a

given cell population, we report half the lower limit of detection. As the quan-

titative PCR for gag DNA is sensitive to a single copy of gag DNA, half the lower

limit of detection is based on twice the number of cells put into each PCR

(determined by albumin copy number).

Statistical analysis. Correlations and statistical significance were determined

by Spearman rank correlation analysis with Prism 3.0 software (Prism, San

Diego, Calif.).

RESULTS

Polychromatic flow cytometry delineates highly purified T-

cell subsets. PBMC from 22 HIV-infected individuals (Table
1) were stained with a combination of 11 monoclonal antibod-
ies, and seven T-cell populations were sorted by flow cytom-
etry. We specifically chose this cohort of individuals because it
represented a cross-section of HIV-infected individuals at dif-
ferent stages of HIV disease. We simultaneously measured
expression of CD3, CD4, CD8, CD11a, CD27, CD45RO,
CD57, and IFN-�. In addition, to minimize background cap-
ture of antibodies, we designated one fluorochrome channel as
the dump (27). This combination of surface and intracellular
molecules was chosen based upon brightness of expression,
stability after the freeze-thaw process, ease of individual anti-
bodies to be conjugated to different fluorochromes, and ability
to distinguish between naïve, memory, and terminally differ-
entiated T-cell subsets. Using polychromatic flow cytometry
technology (Fig. 1), we sorted naïve CD4� T cells, naïve CD8�

T cells, memory CD8� T cells, HIV-specific CD8� T cells, and
terminally differentiated and preterminally differentiated
memory CD4� T cells based on the phenotypic characteristics
shown in Fig. 1 and described in Table 2.

Figure 1 illustrates the necessity of using multiple parame-
ters; for example, naïve CD8� T cells defined only as CD3�

CD8� CD4� CD11adull CD45RO� can contain 30% nonnaïve
CD8� T cells. A representative postsort analysis for naïve
CD4� T cells (Fig. 2) revealed that less than 0.2% contami-
nating cells were present regardless of which phenotypic mark-
ers were examined. Postsort analyses of other cell populations
were consistently as pure (�99.8%, data not shown).

Memory CD4� T cells are infected at highest frequency.

Following flow cytometric sorting, gag DNA frequencies within
T-cell subsets were compared. The number of gag DNA copies
amplified from each sample was normalized to the number of
cells in each PCR and expressed as gag copies per 105 sorted T
cells. In all individuals studied, we were able to amplify gag

DNA from CD57� CD4� memory T cells. Between 100 and

TABLE 1. Subject cohort

Subject
Age
(yr)

Approx.
time

infected (yr)

CD4 count
(cells/�l)

Viral load
(copies/ml)

Antiretroviral
treatment

1 47 12 131 47,760 No
2 46 5 403 12,000 Yes
3 45 10 896 18,049 Yes
4 24 8 412 84,093 No
5 62 13 327 125 Yes
6 50 8 190 22,015 No
7 26 3 644 �50 Yes
8 46 1 843 11,612 Yes
9 33 1 120 106,000 No
10 29 1 706 13,930 No
11 25 1 742 170,044 No
12 47 1 231 57,430 No
13 30 4 101 60,000 No
14 46 6 523 21,700 Yes
15 46 6 565 548 Yes
16 31 3 642 6,532 Yes
17 62 12 653 3,968 No
18 53 11 530 26,740 Yes
19 47 15 1,746 �50 No
20 43 13 457 �50 No
21 44 16 697 46,516 Yes
22 50 17 460 449 No

VOL. 78, 2004 T-CELL SUBSETS THAT HARBOR HIV 1161

 o
n
 M

a
rc

h
 2

7
, 2

0
1
8
 b

y
 C

A
R

D
IF

F
 U

N
IV

E
R

S
IT

Y
h
ttp

://jv
i.a

s
m

.o
rg

/
D

o
w

n
lo

a
d

e
d

 fro
m

 



10,000 copies of gag DNA/105 sorted T cells were amplified
from this population (Fig. 3a and b).

Memory T cells are a heterogeneous population. In HIV
infection this heterogeneity is particularly evident when study-
ing CD57 expression by CD4� T cells (CD57 marks terminally
differentiated T cells) (8, 31, 53). The CD4� CD57� T-cell
subset overlaps the effector memory T-cell subset (8, 45) and
was dramatically expanded in many HIV-infected individuals
(P � 0.002, data not shown). Hence, we sought to examine the

infection history of memory CD57� and CD57� memory
CD4� T cells. Collectively, memory CD57� CD4� T cells
contained more gag DNA than did CD57� CD4� T cells (Fig.
3a). Assuming virus copy number per cell is distributed simi-
larly between infected cells, memory CD57� CD4� T cells
were always infected more frequently than CD57� CD4� T
cells (Fig. 3b).

The number of infected CD57� CD4� memory T cells cor-
related with plasma viral load (Fig. 3c). In addition, the num-
ber of infected CD57� CD4� T cells correlated with the num-
ber of infected CD57� memory CD4� T cells (Fig. 3d). This
indicates that the plasma virus pool and the pool of infected
memory CD57� and CD57� CD4� T cells are intimately re-
lated.

Memory CD8� T cells are rarely infected by HIV. Several
reports show the presence of HIV in CD8� T cells (25, 34, 44).
Therefore, we initially compared the levels of gag DNA in bulk
memory CD8� T cells with that in memory CD57� CD4� T
cells (Fig. 4a and b). We found that although CD8� T cells can
harbor HIV DNA, the frequency was extremely low. Memory
CD8� T cells from many individuals had no detectable viral
DNA (Fig. 4b). However, recently stimulated CD8� T cells

FIG. 1. Flow cytometric sorting strategy for T cells. PBMC from 16 subjects in the cohort were stimulated with overlapping HIV-peptides
stained extracellularly with the antibody combination described in the text and intracellularly for IFN-�. Lymphocytes were defined with forward
and side scatter (I). CD3� T cells were then defined based on expression of CD3 without expression of CD56, CD14, or CD19 (dump) (II). CD4�

T cells were then defined based on expression of CD4 without expression of CD8, CD8� T cells were defined based on expression of CD8 without
expression of CD4 (III). Naïve CD4� T cells were defined based on dull expression of CD11a, no expression of CD45RO or CD57 with expression
of CD27 (IV A). Memory CD4� T cells were defined based on expression of CD45RO with high expression of CD11a. Memory CD4� T cells were
then separated based on expression of CD57. Naïve CD8� T cells were defined under the same constraints as naïve CD4� T cells (IV B). Memory
CD8� T cells were separated into HIV-specific (production of IFN-� or tetramer binding) and other memory CD8� T cells.

TABLE 2. T-cell phenotypes

T-cell subset
Phenotypea

CD4 CD8 CD11a CD45RO CD27 CD57 IFN-�

Naı̈ve CD4� � � Dull � � �

Naı̈ve CD8� � � Dull � � �

Memory CD57� CD4� � � Bright � �

Memory CD57� CD4� � � Bright � �

HIV-specific CD8� � � Bright �

Memory CD8� � � Bright �

a All populations were also defined as lymphocytes (by forward and side
scatter), CD3�, CD14�, CD16�, and CD19�. Blanks indicate that expression of
that marker was not used to define the population.
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FIG. 2. Postsort analysis of naïve CD4� T cells. In order to ensure the purity of sorted populations, each sorted population (when possible) was
reanalyzed on the same instrument with the same instrument settings. A representative example is shown. Sorted cells must be defined for
lymphocytes because cellular debris results from high-speed sorting. The right four plots are only defined for lymphocytes based on characteristic
forward and side scatter. All sorted populations were routinely �99.8% pure.

FIG. 3. CD57� CD4� T cells have less viral DNA than memory CD57� CD4� T cells. PBMC from HIV-infected individuals were stained with
the antibody combination detailed in Fig. 2. Memory CD57� and CD57� CD4� T cells were sorted, and quantitative PCR for gag DNA and
albumin was performed. Infection of CD57� CD4� T cells was compared to infection of CD57� memory CD4� T cells in a subject-independent
fashion (A) and a subject-dependent fashion, with white bars representing CD57� memory CD4� T cells and shaded bars representing CD57�

memory CD4� T cells (B). Asterisks mark individual subsets where no gag DNA was amplified, and the values listed are calculated based on half
of the lower limit of detection. Corresponding subjects are listed along the x axis. The plasma viral load was compared to the number of infected
CD57� memory CD4� T cells (C). While there is a correlation between the number of infected CD57�CD4� T cells and the number of infected
CD57� memory CD4� T cells (D), the CD57� population contains significantly less HIV than the CD57� memory CD4� T-cell subset (A and B).
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express low levels of CD4 and could be targets for HIV (25,
44). Therefore, we sorted CD8� CD4dull T cells from five
subjects in the cohort. There were more (5- to 100-fold) copies
of viral DNA within the CD8� CD4dull T cells than in memory
CD8� CD4� T cells (data not shown). These data suggest that
memory CD8� T cells are capable of becoming infected after
activation-induced expression of CD4.

HIV-specific CD8� T cells are not preferentially infected by

HIV. We hypothesized that HIV-specific CD8� T cells might
become preferentially infected as they respond to HIV anti-
gens and become activated in vivo. Thus, we sorted HIV-
specific CD8� T cells identified by production of IFN-� fol-
lowing HIV peptide stimulation from seven subjects in the
cohort (17, 40). Only in four of these seven individuals were we
able to amplify any gag DNA. Thus, while HIV-specific CD8�

T cells were capable of becoming HIV-infected, this popula-
tion was clearly not preferentially infected (Fig. 4c and d). We
also used tetramer binding instead of IFN-� production to
define HIV-specific CD8� T cells. This confirmed that their
infection was extremely rare (subjects 17 to 22, data not
shown) and thus unlikely to account for functional defects
within this population (1, 11, 36, 39, 51).

Naïve CD4� T cells are infected at low frequency by HIV.

Naïve T cells may become infected during maturation as thy-
mocytes or as mature naïve T cells in the periphery. To address
each possibility, we studied infection of naïve CD4� and CD8�

T cells. Sufficient naïve CD4� T cells were sorted from 11
HIV-infected individuals. Naïve CD4� T cells were found to
have significantly less viral DNA (on average 10 times less)

than CD57� memory CD4� T cells (P � 0.005, Fig. 5a and b).
In three of the individuals, no gag DNA was amplified from
sorted naïve CD4� T cells. However, in one subject there was
more viral DNA in the naïve CD4� T cells. We found no
significant relationship between infection of naïve CD4� T
cells and plasma viral load (Fig. 5c, R � 0.39, P � not signif-
icant). In addition, the frequency of infection of naïve CD4� T
cells did not correlate with the frequency of infection of
CD57�CD4� memory T cells (Fig. 5d, R � 0.45, P � not
significant). Hence, while naïve CD4� T cells were capable of
becoming infected by HIV, infected naïve CD4� T cells did not
significantly contribute to the pool of infected memory CD4�

T cells. Furthermore, the cellular and viral factors that influ-
ence the ability of memory T cells to become infected by HIV
may not similarly influence the ability of naïve CD4� T cells to
become HIV infected (17, 19, 43, 47, 54).

Naïve CD8� T cells are not infected by HIV. Infection of
CD8�CD4� thymocytes could result in the export of infected
mature naïve CD4� and CD8� T cells to the periphery. As
naïve CD4� T cells can contain HIV in vivo (Fig. 5), we wanted
to determine whether infection of naïve CD8� T cells could be
observed. We sorted sufficient numbers of naïve CD8� T cells
from 12 individuals in the cohort, and were able to amplify gag

DNA from only three of the naïve CD8� T-cell subsets (Fig. 6a
and b). Furthermore, more than 107 highly purified naïve
CD8� T cells were sorted in total (cumulative for all 12 sub-
jects) but only six copies of gag DNA were detected. Even at
our level of sorting precision (�99.8%) at this extremely low
level of gag DNA we cannot exclude contamination by other

FIG. 4. HIV infection of memory CD8� T cells. The fraction of infected memory CD8� T cells was compared to the number of infected
memory CD57� CD4� T cells for all subjects (A) and on an individual subject basis (B), with white bars representing memory CD8� T cells and
shaded bars representing CD57� CD4� T cells. Asterisks mark individual subsets where no gag DNA was amplified, and the values listed are
calculated based on half of the lower limit of detection. Corresponding subjects are listed along the x axis. Infection of HIV-specific CD8� T cells
(based on production of IFN-� following HIV peptide stimulation) was then compared to infection of other memory CD8� T cells, and no
significant differences were observed (C). The infection frequency of HIV-specific CD8� T cells was then compared to the infection frequency of
other memory CD8� T cells in a subject-dependent fashion (white bars represent HIV-specific CD8� T cells, and shaded bars represent memory
CD8� T cells) (D). Corresponding subjects are listed along the x axis.
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T-cell populations, and it is likely that these few copies of gag

DNA actually reside in contaminating cells. This suggests that
naïve CD8� T cells carry no HIV and that the thymus exports
no infected naïve T cells.

Naïve CD4� T cells are infected by HIV in the periphery.

Our observation that naïve CD8� T cells rarely, if ever, contain
gag DNA suggested that naïve CD4� T cells are likely to have
become infected in the periphery. Recently it has been shown
that naïve T cells which have proliferated without T-cell re-
ceptor-mediated stimulation lose surface expression of CD31
(29). We used CD31 expression to differentiate between naïve
CD4� T cells that had and had not proliferated. In 7 subjects,
after gating for naïve CD4� T cells as before (Fig. 1), we sorted
naïve CD4� T cells based on CD31 expression (Fig. 6c). We
initially confirmed that the CD31� naïve CD4� T cells had
undergone fewer rounds of proliferation. CD31� naïve CD4�

T cells had, on average fivefold more copies of T-cell receptor
excision circle than CD31� naïve CD4� T cells (data not
shown). In addition, in all 7 subjects the frequency of gag DNA
was higher in the CD31� than the CD31� subset (P � 0.016,
Fig. 6d). Taken together, these data suggest that infection of
naïve CD4� T cells occurs primarily in the periphery within
naïve CD4� T cells that have or are proliferating and that
infection of double positive thymocytes rarely, if ever, leads to
infection within the naïve T-cell population.

DISCUSSION

It is generally accepted that activated memory CD4� T cells
are the predominant targets for HIV infection (5, 12). How-

ever, it remains unclear what other sources of infected cells
exist, what factors lead to their infection, and to what extent
these cells contribute to the total pool of infected cells. Un-
derstanding which T-cell subsets contain HIV in vivo could
establish a mechanistic framework to explain the loss of CD4�

T cells and the inability of the HIV-specific immune response
to control HIV replication. Here, we examined in vivo HIV
infection of multiple highly purified and stringently defined
T-cell subsets by quantifying viral DNA without further in vitro
manipulations. The major findings to emerge from these stud-
ies are that central memory CD4� T cells contain the highest
frequency of viral DNA; terminally differentiated effector
memory CD57� CD4� T cells contain, on average, 10 times
fewer copies of viral DNA than central memory CD4� T cells;
memory CD8� T cells rarely contain viral DNA unless acti-
vated to express CD4; HIV-specific CD8� T cells are not
preferentially infected by HIV; naïve CD4� T cells that pro-
liferate, or have proliferated, in the periphery contain more
viral DNA than other naïve T cells; and naïve CD8� T cells are
probably never infected. Importantly, these trends are exactly
the same regardless of disease state or treatment status.

Taken together, our data show that the T-cell subsets most
likely to become infected are those CD4� T cells with a history
of proliferation: CD31� naïve T cells and, to a greater extent,
resting memory T cells. However, our data also reveal that
infection history itself influences proliferative and maturation
capacity in vivo. First, it has been well documented that devel-
oping thymocytes can be infected by HIV (2, 4, 7, 37, 48),

FIG. 5. Naïve CD4� T cells have less viral DNA than memory CD57� CD4� T cells. PBMC from HIV-infected individuals were stained with
the antibody combination detailed in Fig. 2. Memory CD57� and naïve CD4� T cells were sorted, and quantitative PCR for gag DNA and albumin
was performed on sorted T cells. Infection of naïve CD4� T cells was compared to infection of CD57� memory CD4� T cells in a subject-
independent fashion (A) and a subject-dependent fashion (B). White bars represent naïve CD4� T cells, and shaded bars represent CD57�

memory CD4� T cells (B). Corresponding subjects are listed along the x axis. The plasma viral load was compared to the number of infected naïve
CD4� T cells (C). There was no correlation between the number of infected naïve CD4� T cells and the number of infected CD57� memory CD4�

T cells (D).
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suggesting that they might give rise to infected naïve CD4� and
CD8� T cells (19, 34). However, our results show that infection
of developing thymocytes is unlikely to lead to infected naïve T
cells in the periphery because we were able to find virtually no
infected naïve CD8� T cells in any HIV-infected individuals.
This is supported by our observation that most infected naïve

CD4� T cells are of the CD31� phenotype, suggesting that
they were probably infected while proliferating in the periph-
ery. Our data do not suggest that developing thymocytes are
not infected by HIV in vivo, rather that such infected thymo-
cytes do not become infected naïve T cells. The importance of
thymic infection would therefore be one of depleting the sup-
ply of new naïve T cells, and not that of supplying HIV-infected
naïve T cells. The ability of HIV to infect naïve CD4� T cells
in the periphery suggests the potential ability of the virus to
maintain long-lived latency due to the long life span of naïve T
cells and that the probability of stimulating an infected naïve
CD4� T-cell by cognate major histocompatibility complex-
peptide is extremely low (35).

Second, the lack of correlation between the infected naïve
CD4� T-cell pool and the infected memory CD4� T-cell pool
implies that infected naïve T cells do not significantly contrib-
ute to the pool of infected memory CD4� T cells, but that they
die following antigenic stimulation. This suggests a mechanism
by which HIV infection can adversely affect maintenance of the
memory CD4� T-cell pool and shows that the predominant
way of producing infected memory CD4� T cells is by their
direct infection.

Finally, although the memory CD4� T-cell pool as a whole
is the most frequently infected, we have shown that CD57�

FIG. 6. Infection of naïve CD8� T cells and peripheral infection of naïve CD4� T cells. Infection of highly purified naïve CD8� T cells was
compared to infection of naïve CD4� T cells, memory CD8� T cells, and CD57� memory CD4� T cells (A). Naïve CD8� T cells are significantly
less likely to carry HIV than any other subset studied. Comparison of infection of naïve CD8� T cells (white bars, B) and naïve CD4� T cells
(shaded bars, B) demonstrates that naïve CD8� T cells rarely contain detectable viral DNA (asterisks mark individual subsets where no gag DNA
was amplified and values are calculated as half the lower limit of detection). Corresponding subjects are listed along the x axis. Naïve CD4� T cells
were stained and defined as before with side scatter, forward scatter, CD3, dump, CD4, CD8, CD45RO, CD11a, CD27, and CD57 (Fig. 2) from
four subjects in the cohort (13 to 16) and were then separated on the basis of surface CD31 expression (C). Sorted T cells were then assayed for
gag DNA by quantitative PCR. The number of infected naïve CD31� CD4� T cells (white bars) was compared to the number of infected naïve
CD31� CD4� T cells (shaded bars) (D).

FIG. 7. T cells that harbor HIV. A pie chart averaged from four
subjects in the cohort demonstrates the individual contributions of all
T-cell subsets studied to the total pool of infected T cells. The mag-
nitude of infection within each subset and the contribution of each
subset to the pool of PBMC were used in the calculation.
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memory CD4� T cells, which have undergone the most rounds
of proliferation to achieve terminal differentiation, are in fact
10-fold less likely to have been infected by HIV. These termi-
nally differentiated memory CD4� T cells are expanded in
HIV infection (15, 31), in part, due to polyclonal T-cell acti-
vation (3, 21).

One interpretation of the marked disparity in frequency of
infection is that if T cells become infected at an earlier stage in
their proliferative history (when they are CD57�), they are less
likely to survive and/or divide to become terminally differen-
tiated CD57� T cells. This would provide direct evidence that
infection of memory CD4� T cells in vivo prevents them from
undergoing the normal homeostatic processes that contribute
to the maintenance of the resting memory CD4� T-cell pool. It
is also possible that the CD57� subset contains the same fre-
quency of infected cells as the CD57� subset, but with on
average 10-fold fewer copies of virus per cell. Studies with
single-cell PCR to detect HIV DNA could help to clarify this
possibility but are difficult because the frequency of infected
cells is so low (17, 26). It is unlikely that the reason for the
difference in infection frequency is simply that terminally dif-
ferentiated CD57� T cells are less infectible than other mem-
ory T cells. CD57� T cells express the same levels of CD4 and
CCR5/CXCR4 as CD57� T cells (data not shown). Further-
more, both subsets contain an equally small frequency of T
cells which express activation markers such as CD69 and
CD25, and CD57� T cells die without proliferating after acti-
vation (8); thus, our analysis largely detects infection events
that occurred before T cells became terminally differentiated
CD57�. However, we also found that there are virtually no
CD57� memory CD4� T cells that express Ki67 in the periph-
ery. This finding might also contribute to the greater infection
within the CD57� memory CD4� T-cell subset.

Alternatively, the differences we observed in infectivity
could arise due to infection of different T-cell subsets by viral
subspecies with distinctive tropism or replicative capacity. Of
particular interest is whether naïve CD4� T cells are infected
with CXCR4-or CCR5-tropic virus. As naïve CD4� T cells do
not express CCR5, we would speculate that naïve CD4� T cells
infected in the periphery would be infected with CXCR4-
tropic virus.

We have previously shown that HIV-specific CD4� T cells
are preferentially infected by HIV (17). Since stimulated
CD8� T cells have been shown to express CD4 transiently
following stimulation, leading to marginal infection of CD8� T
cells by HIV (25, 30, 44), we hypothesized that HIV-specific
CD8� T cells might also become preferentially infected by
HIV. However, while we show that memory CD8� T cells are
occasionally infected by HIV, we did not find that the virus
preferentially infected HIV-specific CD8� T cells. In fact, we
found relatively few copies of HIV gag DNA within HIV-
specific CD8� T cells, implying that infection of this subset
neither contributes to the inability to control viral replication
nor accounts for the observed defects within this subset (1, 11,
39, 50). Lack of preferential infection of HIV-specific CD8� T
cells might be explained by a number of possibilities. It is
possible that upregulation of CD4 by stimulated HIV-specific
CD8� T cells is not sufficient to allow HIV infection. Alterna-
tively, HIV-specific CD8� T cells may produce enough � che-
mokines upon stimulation to prevent HIV infection (1, 41, 52).

In addition, HIV-specific CD8� and CD4� T cells may be
stimulated by different cell types or in different locations in
vivo.

In summary, our data show which T-cell subsets are infected
in vivo and to what extent each compartment contributes to the
total pool of cellular associated virus (Fig. 7) and suggest what
circumstances can lead to their infection and the consequences
of that infection. Specifically, this approach allowed us to dem-
onstrate the importance of cellular activation and proliferation
in allowing HIV replication in vivo and further to show that
infection of these cells in vivo leads to an altering of their life
span, decreasing their likelihood of reaching terminal differ-
entiation. Collectively, these findings support a mechanism by
which HIV infection exacerbates depletion of CD4� T cells in
the context of homeostatic strain imposed by chronic T-cell
activation.
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