






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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