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Abstract

Weshow here that CD8 naive T cells are depleted during
the asymptomatic stage of HIV infection. Although overall
CD8 T cell numbers are increased during this stage, the
naive CD8 T cells are progressively lost and fall in parallel
with overall CD4 T cell counts. In addition, we show that
naive CD4 T cells are preferentially lost as total CD4 cell
counts fall. These findings, presented here for adults, and
in the accompanying study for children, represent the first
demonstration that HIV disease involves the loss of both
CD4 T cells and CD8 T cells. Furthermore, they provide a
new insight into the mechanisms underlying the immunode-
ficiency of HIV-infected individuals, since naive T cells are
required for all new T cell-mediated immune responses.

Studies presented here also show that the well-known
increase in total CD8counts in most HIV-infected individu-
als is primarily due to an expansion of memory cells. Thus,
memory CD8 T cells comprise over 80% of the T cells in
PBMCfrom individuals with < 200 CD4/Vl, whereas they
comprise roughly 15% in uninfected individuals. Since the
naive and memory subsets have very different functional
activities, this altered naive/memory T cell representation
has significant consequences for the interpretation of data
from in vitro functional studies. (J. Clin. Invest. 1995.
95:2061-2066.) Key words: memory T cells * CD45RA A
CD62L * absolute T cell counts * immunodeficiency

Introduction

Recent flow cytometric studies have identified several pheno-
typically and functionally distinct subsets of CD4 and CD8 T
cells (1-5). Functional studies have assigned specific roles to
some of these subsets. In particular, the terms memory and
naive distinguish subsets which either contain or do not contain
(respectively) long-lived cells capable of mounting an immedi-
ate response to a specific antigen. In vitro studies have also
demonstrated that these subsets have distinct functional capacit-
ies: in general, the memory subsets do not proliferate as well
as naive subsets in response to generic mitogenic stimuli; how-
ever, the memory subsets produce a wider variety and greater
amounts of many cytokines (1, 6, 7).
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Studies characterizing changes in T cell representation in
AIDS have generally focused on the decrease in total CD4
counts that occurs as the disease progresses. Indeed, for over a
decade, the specific loss of these cells has been the most com-
monly used surrogate marker for disease progression. Unlike
CD4 T cell counts, absolute CD8 counts have been shown to
rise early after HIV infection and maintain a relatively steady
level until very late in the disease (8) when CD4 counts drop
below IOO/yIl (9).

Studies here, which focus on the functionally distinct subsets
within both CD4 and CD8 T cell lineages, challenge this para-
digm. Wedemonstrate a profound loss of naive T cells, both
CD4 and CD8, in HIV-infected adults. Similarly, in studies
presented in an accompanying manuscript ( 10), we demonstrate
that CD8 naive T cells are also lost in HIV-infected children.
In addition, we show that the early increase in total CD8 counts
is due primarily to the expansion of the memory CD8 subsets.

Previous attempts to quantitate the relative levels of naive
and memory subsets showed little or no preferential loss of
either subset during the progression of AIDS (8, 11-15); how-
ever, the combination of reagents used in these previous studies
is insufficient to resolve the naive T cells from other subsets. In
contrast, the specific three-color immunofluorescence FACSa

methodology we use here, i.e., the combination of CD45RA
and CD62L together with CD4 or CD8, uniquely identifies and
enumerates the naive and memory T cell subsets. Thus, we
were able to determine the representation of these subsets in
over 250 HIV-infected individuals and thereby demonstrate the
selective loss of naive T cells during the progression of HIV
disease.

Methods

Human samples. We recruited 266 HIV-infected adults from the San
Francisco area. Since this study was part of a clinical trial in which an
entry criterion was < 500 CD4 T cells per microliter, our cohort is
weighted towards infected individuals with fewer CD4 T cells than
the general infected population. Also excluded from participation were
patients who had concurrent opportunistic infections or were taking very
large amounts of antioxidants, vitamins, or minerals. The infection status
of each individual was confirmed by anti-p24 ELISA. In addition, we
recruited 44 HIV-uninfected adults, in good health, as control subjects.
All clinical trial subjects signed an informed consent form.

From each HIV-infected patient, blood was drawn by venipuncture
for FACS® analysis; for 242 of the 266 patients, blood was drawn for
a complete blood count and an absolute CD4and CD8count (performed
by an accredited commercial laboratory). From control subjects, only
blood for FACS® analysis was drawn. All samples were prepared within
8 h of the draw.

Reagents. All fluorochrome-conjugated monoclonals were obtained
from PharMingen (San Diego, CA). Ficol-Paque was obtained from
Pharmacia AB (Uppsala, Sweden). Biotin, flavin-deficient RPMI-1640
(hereafter, RPMI) was obtained from Irvine Scientific (Santa Ana,
CA). Other chemicals were obtained from Sigma Chemical Co. (St.
Louis, MO).

FACS® analysis. PBMCwere prepared from 6 ml of heparinized
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Figure 1. T cell subset phenotypes.
Progressively gated PBMCsample
from a healthy adult. The lympho-
cytes are selected by scatter gates (top
left). Within lymphocytes, CD4 and
CD8T cells can be discriminated (top
right). Also evident are NK cells
(dim CD8 staining) and B cells (neg-
ative for both CD4and CD8). Within
CD4or CD8cells (boxes) are several
subsets (bottom panels). The naive
subset (dark box) of both CD4 and
CD8 lineages are defined as
CD45RA' and CD62L+; the re-
maining cells (gray box) comprise the
memory subsets. Within CD8 T cells
(bottom right) are at least three mem-
ory subsets: cells expressing only one
of CD45RAor CD62L, and those ex-
pressing neither. Within CD4 T cells
(bottom left) are two major memory
subsets: both are CD45RA-, but one
is CD62L+ and the other is CD62L-.
In healthy adults, there are very few
CD4 T cells with the CD45RA+

CD62L- phenotype (averaging 5%of
total CD4); however, in HIV-infected
adults, this population becomes much
more prevalent (averaging 15%of all
CD4and as much as 40-50% in some
patients; see Fig. 2 B for an example) .

blood by Ficol-Paque density centrifugation. For analyses in this report,
we used the following antibody combinations: (a) fluorescein-conju-
gated (FITC) CD62L, phycoerythrin (PE)' CD45RA, and CyChrome IN

(Cy5-PE) CD8; (b) FITC CD62L, PE CD45RA, and CyS-PE CD4; (c)
FITC CD1la, PE CD45RA, and Cy5-PE CD4; (d) FITC CD1la, PE
CD45RA, and CyS-PE CD8; (e) FITC CD3, PE CD8, and CyS-PE
CD4; and (f ) FITC CD14, PE CD16, and CyS-PE CD45. Concentrated
antibody preparations were titered in combinations with unconjugated
antibody to obtain saturating reagents that were on-scale in fluorescence.
Enough reagent had been premixed to study the entire cohort that we

report on here, ensuring comparable fluorescence distributions across

all experiments.
After staining, cells were washed three times in biotin, flavin-defi-

cient RPMI-1640 and then resuspended in 0.5% paraformaldehyde in
RPMI. Flow cytometric analysis was performed on a dual laser (argon
360 nm, argon 488 nm) FACStar Plus O (Becton Dickinson Immunocy-
tometry Systems, San Jose, CA) interfaced to a VAX 6300 computer
(Digital Computer, Maynard, MA). For each cell, data for forward
scatter, side scatter, and the fluorescences of fluorescein (515-545-nm
bandpass filter), phycoerythrin (570-600 nm), and CyS-PE (650-690
nm) were collected. For each stain, data from 50,000 cells were collected
and analyzed by FACS-Deskl& software (16). For subset frequencies,
a lymphocyte gate was used. In addition, gates uniquely identifying
CD4or CD8T cells and their subsets (as shown in Fig. 1) were applied.
Absolute numbers of subsets of CD4 or CD8 T cells were found by
multiplying their representation by the absolute subset counts obtained
at the clinical laboratory. For instance, the number of naive CD4 per

microliter of whole blood is calculated by multiplying the fraction of
CD4 T cells which are naive (from FACSOgating) by the absolute
CD4 count per microliter of blood. Wedid not obtain CD4 and CD8

1. Abbreviations used in this paper: CTL, cytotoxic T lymphocyte; PE,
phycoerythrin.

counts for the control (HIV-uninfected) population. Values in Table I
were derived from the same clinical laboratory that performed the abso-
lute counts for HIV-infected adults in our study.

Statistical analyses. For analysis and display of statistical compari-
sons, we used JMP for the Apple Macintosh (SAS Institute, Cary, NC).
Comparisons of distributions were performed by the nonparametric two-

sample Wilcoxon rank test.

Results

Both CD4and CD8T cells from blood can be further subdivided
into subsets based on surface phenotypes. The combination of
CD62L (L-selectin) and CD45RAdefines at least four pheno-
typically distinct subsets in each lineage (Fig. 1). Functional
studies have shown that naive T cells belong to the subsets
which stain brightly with both of these antibodies, and dimly
for CD1la (LFA-1a) (1, 4, 5). Three other subsets of cells,
consisting of the other combinations of CD62L and CD45RA
expression, comprise the memory compartment (4, 5).

Naive CD4 T cells differ from naive CD8 T cells in that
the CD45RAexpression on CD8 T cells is uniformly higher
than on CD4T cells. Indeed, even the CD45RAnegative CD8
cells still display low levels of CD45RA. Since some of these
cells express as much CD45RAas CD4naive cells, the frequen-
cies of naive cells of each lineage must be determined indepen-
dently (i.e., using CD3 to identify T cells, it is not possible to
use a gate based on CD45RAand CD62L expression that will
include all CD8 and CD4 naive T cells and will not include
memory T cells). Thus, enumerating CD8 and CD4 naive T
cells in PBMCsamples requires simultaneous FACS@measure-

ment of three cell surface antigens in two separate tubes (Fig.
1), i.e., CD8 (or CD4), together with CD45RAand CD62L.
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Table I. Representation of CD4 and CD8 T Cells in Whole Blood*

Vf+ (CD4/pI)t

Cells 0-200 200-500 > 500 HIV-

Fraction of T cells that are naive (%)
CD8 12 (7-18) 16 (11-24) 23 (16-33) 52 (41-59)
CD4 27 (18-37) 39 (30-49) 45 (30-57) 50 (41-58)

Absolute number of cellslsl of blood
Total CD8 520 (310-780) 790 (580-1110) 750 (590-1100) 620 (330-910)'
Naive CD8 58 (34-94) 120 (93-160) 175 (140-230) 32011
Naive CD4 18 (7-37) 120 (85-178) 250 (160-230) 4901

* Numbers presented are the median values for each group (either percent of each lineage that is naive in the upper portion of the table, or cells/
kil for each subset in the lower portion). The interquartile range is given in parentheses. * Number of individuals in each group: HIV- = 44; HIV+,
0-200 = 109; 200-500 = 105; > 500 = 28. 'This is the value for all HIV- adults seen at the same clinic which performed our absolute counts,
including subjects not in our cohort. 11 This value is based on the total CD8 count (620) multiplied by the average percent of CD8 T cells which
are naive in uninfected adults from our study (52%). 1 The average value for total CD4count (980), for all HIV- adults seen at the clinic, multiplied
by the fraction of CD4 T cells which are naive (50%).

FACS®Dplots in Fig. 2 show the relative frequencies of T significant fraction of naive T cells of both CD4 and CD8
cell subsets in PBMCfrom representative HIV-infected and lineages. This loss is visible as a decrease in the representation
uninfected adults. In agreement with results from our pediatric of the CD45RA+ CD62L' cells. Absolute counts (cells per
study (10), these plots show that HIV-infected adults lose a microliter of blood) of these subsets, calculated by combining

AeCD
Figure 2. Examples of T cell subsets

A.CD8 in healthy and HIV-infected adults.
(A) CD8T cells. Four examples each
from the HIV-negative cohort (bot-

_00 tom) and the HIV-positive cohort
YUYWT+100 X n|(top) were selected to show the range

HIV Ii of naive T cell representation in these
groups, and are arranged in order of
inrain av CD8T cell represen-
tation (left to ight). OOnly CD8 T

If) v~ cells are shown (based on gating simi-
lar to that shown in Fig. 1). The loss

U 100- of the naive subset in the infected in-
dividuals is seen by the decrease of

10~~~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ Jthe CD45RA' CD62L' subset, and a
corresponding increase in memory.

1 Note that an increase of memory cells
.,__________________________,.in one HIV + adult may reflect expan-

1 10 100 1 10 100 1 10 100 1 10 100 sion of a different subset than in an-

CD62L other HIV + adult (e.g., compare the
third and fourth top panels). While
there is a marked variation in the rep-

Bo CD4 HIV+ HIV resentation of the various subsetsB.CD4 within individuals (both HIV-infected
and uninfected), the phenotypes of
these subsets are constant. (B) CD4
T cells. A comparison of an unin-

dO10-.Eggfected individual (right) and an HIV-
: //li~l /infected individual (left) is shown,
U 7 with the box denoting the position of

the naive cells. (The exact phenotype
1 10 100 1 10 100 of naive CD4T cells is invariant in

CD62L all uninfected adults and in those in-
fected adults who still retain some na-
ive cells.) This HIV-infected adult has

a large proportion of CD45RA+ CD4 T cells. However, these are not naive T cells, since they have at least several characteristics distinguishing
them as memory: as shown in the figure, they are considerably brighter for CD45RAthan naive CD4cells and they are low for CD62L expression.
Furthermore, they express HLA-DR and CD38 activation markers and contain very low intracellular glutathione (data not shown).
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_Figure 3. Representation of naive T cells
401- 20- within the CD4 and CD8 lineages. In both

HIVE _ lineages, there is a substantial decrease in the
(n=162) 20- 10- representation of naive T cells and a corre-

_ _ sponding increase in memory. This is much
0- X-1 more dramatic in CD8T cells (left) than CD4

- 10 T cells (right): 90% of HIV-infected adults10]
_*(top) have a lower fraction of naive CD8s

HIV- 55 1 than almost all uninfected adults (bottom).
(n=34) _ _5 _ _ __The decrease in the CD4 naive T cells may

I01X X X P-~1- , |be even greater than these data show, because
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8 of the overlap in expression of CD45RAon

CD8: Naive/Total CD4: Naive/Total memory CD4T cells and naive CD4T cells
(e.g., see Fig. 2 B). This overlap results in

an overestimate of naive CD4 representation for infected adults. Finally, these data were calculated from the frequencies of CD62L', CD45RA+
T cells; however, virtually identical results were obtained for each subject by determining the frequency of the CDl la-dim, CD45RA+cells of
both CD4 and CD8 T subsets.

these FACS®frequency data with complete blood count data,
show a similar decline (see below).

Previous researchers have found little consistent change in
memory and naive representation among T cells between in-
fected and uninfected adults (8, 11-15). However, these studies
used only CD62L or only CD45RAto identify subsets. Thus,
the contribution of a memory subset to this single phenotype
confounded quantitation of naive cells. This is borne out in the
examples shown in Fig. 2. All of the HIV-infected individuals
shown have very few naive cells. Even so, the third individual
has a considerable fraction of memory CD62L+ cells and the
fourth has a considerable fraction of memory CD45RA+cells.
Measurement of only one or the other marker would therefore
not have revealed the naive cell loss in these individuals.

The decreased frequency of naive T cells is particularly
dramatic in the CD8 lineage (Fig. 3). 50% of CD8 T cells in
healthy adults typically belong to the naive subset; however, in
most HIV-infected adults, < 15% of CD8 cells are naive. This
change in naive/memory representation does not necessarily
reflect a decrease in the absolute numbers of the naive cells. In
fact, among the HIV-infected individuals with the highest CD4
counts, absolute naive CD8counts are sometimes in the normal
range, but significant elevation of the memory count drives the
ratio of naive/memory well below the normal ratio of one half
(Table I and Fig. 4).

In general, as total CD4counts fall, naive CD8T cell counts
also fall (Fig. 4 A). Since the absolute number of CD4T cells
per microliter of blood provides a reasonable indication (surro-
gate marker) for the progression of AIDS, we interpret this data
as indicating that the naive CD8 T cells are selectively lost as
HIV disease progresses. While there is a loose correlation be-
tween these two counts, it is also apparent than many individuals
have either considerably more, and others fewer, naive CD8 T
cells than would be predicted by their total CD4 count. There-
fore, the naive CD8 T cell count may provide a useful marker
to distinguish individuals who are very different immunologi-
cally and yet would be stratified together by the use of CD4
counts.

Naive CD4 T cells are also preferentially lost during HIV
disease progression (Fig. 4 C). While more than half of CD4
T cells in healthy adults are in the naive subset, about one-
fourth are naive in HIV-infected adults with CD4counts under
200/1lI (Table I). Since the preferential loss of naive CD4 T

cells parallels the loss of naive CD8 T cells, a similar mecha-
nism might account for the decrease in both naive subsets.

Discussion

Wehave used three-color immunophenotyping to address the
impact of HIV infection on the representation of defined T
cell subsets in adults (here) and children (10). By specifically
distinguishing the naive T cells from those in various memory
subsets, we found a preferential loss of the naive T cells that
correlates with progression of HIV disease (as measured by the
decline of total CD4 T cells). Significantly, the loss of the
naive cells begins relatively early after infection, when these
individuals are otherwise asymptomatic and still have substan-
tial numbers of CD4 T cells.

These findings reveal a previously unsuspected complexity
in the dynamics of T cell representation in HIV-infected individ-
uals. Despite the progressive decrease of naive CD8 T cells,
the overall CD8 T cell number persists at elevated levels until
very late in the disease. The increased numbers of CD8T cells
must therefore reflect a selective increase in memory CD8 T
cells. Since naive T cells are memory precursors, their loss,
which precedes the eventual loss of memory cells, may contrib-
ute substantially to the eventual loss of the total CD8population.

The early disappearance of the naive CD8 cells is particu-
larly surprising, since most discussions of T cell loss in HIV
infection have centered around the specific infectability of CD4-
bearing cells. However, since Bonyhadi and colleagues (17)
have shown that the thymocytes expressing both CD8 and CD4
are infectable by HIV and will die when infected, the loss of
naive CD8 T cells could well be due to the depletion of these
double positive precursors. Alternatively, loss of thymopoietic
capability could be due to a general destruction of the thymus
or a progressive loss of the bone marrow's capacity to produce
thymocyte progenitors. Hypotheses based on general failure of
thymopoiesis are attractive since they could also explain the
preferential loss of naive CD4 T cells (Fig. 4).

In any case, the loss of the naive T cells has important
consequences for the development of immune responses in
HIV-infected individuals. As the naive subsets disappear, there
will be a progressive inability to mount responses to novel
antigens, which may well result in high susceptibility to oppor-
tunistic infections. Furthermore, this loss will compromise the
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Figure 4. Correlation of naive T cell representation with absolute CD4 count: naive cells in both CD8 and CD4 lineages are lost preferentially
during the progression of HIV disease. (A) The absolute number of naive CD8 T cells is plotted against the absolute total CD4 count. Each dot
represents one individual. The line connects the median values for individuals grouped by CD4 counts (each group is based on a range of 100 CD4
cells/pl). The shaded area is the interquartile range for the groups. The range for uninfected adults is from Table I. (B) The total CD8 counts are
plotted as in A. Most infected adults have more total CD8 cells than uninfected adults. Since the number of naive T cells is declining, the increase
is due solely to the expansion of memory CD8T cells. (C) The absolute number of naive CD4T cells is plotted. The shaded area is the interquartile
range; the line connecting medians is not drawn. If naive and memory CD4 T cells were lost from HIV-infected individuals at the same rate, then
the shaded region would be centered on the dashed line. (The slope of the dashed line, 0.5, is the fraction of CD4T cells which are naive in
uninfected adults; see Table I.) Since the distribution actually curves well below this line, naive CD4T cells are lost preferentially to memory CD4
T cells in HIV-infected individuals.

ability to deal with the constantly mutating virus itself: novel
strains, which are immunogenically unique, will encounter less
resistance from T cell immunity than early in the progression
of disease.

The impairment of immune function due to the loss of naive
T cells from HIV-infected adults and children also has important
consequences for therapeutic strategies for AIDS. Since re-

sponses to novel antigens have to arise (by definition) from
the naive compartment, the magnitude or effectiveness of such
responses is necessarily dependent on the availability of naive
T cells. Therefore, an HIV-infected individual with no naive T
cells is likely to fail to respond to any primary immunization
involving T cells, be it therapeutic vaccination or otherwise. As
a practical matter, this means that therapeutic vaccination trials
can be severely compromised by failure to control for the vari-
ability in the number of naive T cells in study subjects.

Similar considerations apply to therapies involving immu-
nomodulators and ex vivo expansion of cytotoxic T lympho-
cytes (CTL) for therapeutic reinfusion. Since the representation
of CTL precursors and CTL effector cells changes dramatically
during the progression of AIDS, the effectiveness of these thera-
pies (or the ability to expand cells capable of carrying out
immunity) may vary significantly between patients, due to the
variable representation of CD8 subsets. Thus, our findings sug-

gest that therapeutic trials for vaccines and immunomodulating
methodologies should be stratified with respect to naive T cell
count in addition to total CD4count. Efficacy trials for therapeu-
tic drugs should similarly benefit from this type of stratification,
which will eliminate the confounding variable of nonrespon-

siveness due to the lack of naive T cells.
Finally, the loss of naive T cells coupled with the relative

overrepresentation of memory CD8T cells introduces the neces-

sity for reexamination of all conclusions drawn from functional
studies of PBMCfrom HIV-infected individuals. Memory sub-
sets are the primary producers of certain cytokines such as IL-

4, IL-10, and y-IFN; naive subsets tend to produce mainly
IL-2. Therefore, simply changing the representation of these
functionally distinct subsets will change the cytokine profile of
a culture.

For example, cultures of PBMCfrom a typical HIV-infected
individual with < 100 CD4/1al will have very few naive T cells,
and an overrepresentation of memory CD8 cells. Thus, even if
the functions of naive and memory cells are equivalent in HIV-
infected and uninfected individuals, PBMCcultures from the
HIV-infected individuals will produce less IL-2 and more IL-4
than in comparable cultures from the uninfected individuals.
Similarly, since naive T cells proliferate better in response to
mitogen than do memory cells, the PBMCcultures from HIV-
infected individuals with few naive T cells will proliferate less
in response to, e.g., phytohemagglutinin. Unfortunately, this
means that previous demonstrations of these types of functional
differences between PBMCfrom individuals at different stages
of disease (or between PBMCfrom infected versus uninfected
donors) could merely reflect differences in the underlying repre-
sentation of naive and memory cells.

The loss of T cells and the impairment of T cell functionality
are hallmarks of HIV disease. However, such deficiencies are
not necessarily restricted to this disease. For example, chronic
alcohol consumption frequently results in a loss of T cell func-
tion and a decreased representation of naive T cell subsets ( 18).
Thus, the mechanisms underlying the naive T cell loss in HIV
disease may be unique to HIV disease or reflect general immu-
noregulatory processes that HIV infection sets in motion.

In summary, regardless of how naive T cells are lost or the
specificity of the naive T cell loss to HIV disease, this loss has
important consequences for the disease itself and the ways in
which we study it. At a functional level, the progressive loss
of naive cells contributes to the overall immunodeficiency in the
disease by decreasing the ability to respond to novel antigens. At
a methodological level, the selective loss of the naive subset,
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and the corresponding overrepresentation of memory subsets,
impacts the interpretation of data from in vitro studies. Thus,
the demonstration that both CD4 and CD8 naive T cell subsets
are depleted relatively early in HIV infection of adults and
children introduces significant new perspectives for paradigms
of immune function in HIV disease.
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