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I. Introduction

One of the most prominent features of HIV-1 infection is CD4+ T cell
depletion. This statement is widely used in papers on HIV-1 research;
however, while true, it is deceptively simplistic in that it fails to describe
what is actually a complex change in the representation of T cell subsets
during HIV-1 infection. Figure 1, adapted from Roederer (1995), shows
this complex pattern ofT cell subset composition with disease progression.
Overall, CD4+ T cells decline in number while the CD8+ T cell population
increases over time. The increase in the CD8+ T cell pool is the result of
massive peripheral expansion of memory cells. This subset only begins to
decline shortly preceding AIDS diagnosis (Margolick et al., 1995). The
CD4+ memory compartment also initially expands due to peripheral expan-
sion, but memory cells are then progressively lost. Interestingly, in both
CD4+ and the CD8+ subsets, the naive compartment begins to decline
soon after infection (Rabin et al., 1995; Roederer et al., 1995). Thus, the
T cell depletion observed in HIV-1 infection consists of naive cells of both
CD4+ and CD8+ subsets, and memory cells of the CD4+ subset. The
majority of research has focused on the depletion of CD4+ T cells and the
bulk of the discussion that follows will concentrate on this subset.

Although the observation of T cell depletion in HIV-1 infection was
made early, the mechanism for this decline is still not properly understood.
Over the past 10 years of AIDS research, investigators have discussed
several possible mechanisms for CD4+ T cell depletion: virus-related kill-
ing, activation-induced apoptosis, and disturbed renewal mechanisms (Ho
et al., 1989; Ameisen and Capron, 1991; Meyaard et al., 1992; Groux et al.,
1992; Gougeon and Montagnier, 1993; Bonyhadi et al., 1993; Schnittman et
al., 1990; Kaneshima et al., 1994; McLean and Michie, 1993). A major
breakthrough in our understanding of HIV-1 infection came in 1994 with
the introduction of protease inhibitors, a new generation of antiretroviral
drugs that effectively blocks the replication of the virus in previously
infected cells. Combination of these new drugs with other antiretroviral
drugs made it possible to treat HIV-1-infected individualsmore successfully
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Pic. 1. Representation of T cell subset composition of blood during progression to AIDS.
Adapted from Roederer (1995), by courtesy of the author and permission ofNature Medicine

than before (Danner et al., 1995; Markowitz et al., 1995). In addition to
the tremendous clinical benefit, new possibilities for research were created.
For the first time, viral replication could be effectively blocked for a
prolonged time, and the consequences for immune recovery could be
studied. The advent of potent antiretroviral therapy gave renewed impetus
to the debate over viral and T cell turnover. The applicationof mathematical
models to viral load reduction and CD4+ T cell increase after treatment,
as was done by Ho et al. (1995), Perelson et al. (1996), and Wei et al. (1995)
has changed our view on HIV pathogenesis dramatically. By calculating
that 1010 virions were produced and destroyed per day (Wei et al., 1995;
Ho et al., 1995; Perelson et al., 1996), these investigators showed that
HIV-1 infection is a highly dynamic process with much more virus "turn-
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over" than was previously anticipated. From the same data, rapid turnover
of CD4+ T cells in HIV-I was proposed as the mechanism leading to CD4+
T cell depletion because the immune system would not be able to keep
up with high rates of renewal infinitely. This view of rapid CD4+ T cell
turnover was challenged by studies on T cell telomere length, showing no
evidence for increased CD4+ T cell turnover or exhaustion (Wolthers et
al., 1996). These data provided the focal point for renewed debate over
this issue (Mosier et al., 1995; Grossman and Herberman, 1997; Hellerstein
and McCune, 1997). Since then, several groups have tried to further
elucidate the magnitude of T cell turnover in HIV-1 infection. The issue
of turnover involves cell death, proliferation of existing cells, and develop-
ment of new cells from progenitors. Here, we give an overview of what is
known about normal T cell dynamics, T cell dynamics in HIV-1 infection,
how the different studies relate to each other, and what insight they provide
to explain T cell depletion in HIV-1 infection.

II. Normal T Cell Renewal from Progenitors

The process of T cell renewal in the maintenance of the T cell population
can involve two separate mechanisms: proliferation of mature cells in the
periphery and development of new T cells from a progenitor source. The
relative contribution of each of these mechanisms to overall T cell renewal
is dependent on the age of the individual and the profile of the remaining
T cell pool. The common view is that early T cell development requires
a thymus and involves a high degree of development from progenitor
sources, but that as the organism ages the T cell population is maintained
primarily through peripheral expansion of dividing mature cells (Mackall
and Gress, 1997b; Rocha et al., 1989; Tough and Sprent, 1994; Sprent and
Tough, 1995). Here we summarize what is known about the mechanism
of regeneration of T cells in a depleted individual, the effect of HIV-1
infection on T cell renewal, and the impact of therapy on regeneration of
T cells.

A. T CELL RENEWAL IN MICE

Our understanding of the importance of thymus-dependent and thymus-
independent mechanisms for T cell regeneration comes initially from
murine studies. Several studies compare the T cell regeneration from
thymus-bearing and thymectomized animals, which were irradiated and
repopulated with bone marrow. In the first studies, adult animals were
given syngeneic T cell-depleted bone marrow as a source of progenitor
cells and congenic lymph node cells as a source of mature T cells (Mackall
and Gress, 1997b). In euthymic animals, T cell renewal occurred via
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thymus-dependent development from progenitors with little expansion of
the lymph node cells. In thymectomized animals, very little development
from progenitors was detected while substantial expansion of mature lymph
node cells occurred. Repopulation from T cell-depleted and undepleted
bone marrow was compared (Dulude et al., 1997). In the case where T
cells were not present in the inoculum, regeneration occurred through
extrathymic development of progenitor cells. However, when mature T
cells were present, regeneration occurred primarily through expansion of
these cells. It is important to note that the thymus-independent develop-
ment was not able to restore normal T cell numbers (Mackall and Gress,
1997b; Dulude et al., 1997). In addition, T cell renewal through peripheral
expansion gave rise to cells bearing a memory phenotype based on expres-
sion of CD45R0 and CD44 (Mackall and Gress, 1997b; Mackall et al.,
1993; Tanchot and Rocha, 1995).

B. T CELL RENEWAL IN HUMANS

Similar studies were conducted in humans that had been treated with
T cell-depleting doses of chemotherapy. In these patients, there was an
age-related regeneration of naive CD4+ T cells (Mackall and Gress, 1997b;
Mackall et al., 1995; Weinberg et al., 1995). Younger individuals showed
regeneration of substantial numbers of CD4+ CD45RA+ T cells whereas
older patients still showed CD4+ depletion 6 months after therapy, though,
after longer periods of time, the naive CD4+ T cells did rise in these
patients. The degree of regeneration of CD45RA+ CD4+ T cells was
directly related to thymic function (Mackall et al., 1995; Weinberg et al.,
1995; Heitger et al., 1997), underscoring the importance of the thymus in
the generation of naive CD4+ T cells. In adult patients given doses of
chemotherapy that only moderately depleted the T cell subset, the majority
of regenerating T cells expressed a memory phenotype indicating they
were derived by expansion of previously existing T cells (Hakim et al.,
1997). These results indicate that, in the case of CD4+ T cells, regeneration
from a progenitor source depends on thymic function and occurs at low
rates in adults. The slow regeneration of naive CD4+ cells can also be
seen in adult patients undergoing monoclonal antibody (mAb) therapy for
rheumatoid arthritis (Moreland et al., 1994) or multiple sclerosis (Rep et
al., 1997) and in normal aged individuals (Mackall and Gress, 1997b).

Interestingly, requirements for the regeneration of CDS+ T cells differ
from those for CD4+ T cells. In the same experiments described above,
by 3 months after chemotherapy most individuals had recovered normal
CDS+ T cell numbers (Mackall, 1997). In addition, the age-related recovery
rate seen for CD4+ T cells was not observed for CDS+ T cells. In one
individual thymectomized before chemotherapy, the CD45RA+CD8+ T
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cells were recovered though the CD45RA+CD4+ T cells were not (Heitger
et al., 1997). The results show that generation of naive CD8+ T cells does
not require a thymus and is faster than that of CD4+ T cells (Mackall,
1997). One possible caveat to this conclusion is that the naive and mem-
ory CD8+ subsets cannot be distinguished by the CD45 isoforms alone
(Hamann et al., 1997; Rabin et al., 1995). The recovery of cells with a
surface molecule expression pattern that does define these subsets in CD8+
cells has not been measured. It is still possible that truly naive CD8+ T
cells do require a thymus for their development as well. The final conclusion
of these studies is that maintenance of the T cell population in adults
involves both mechanisms, but that the primary mechanism is peripheral
expansion of previously existing T cells.

The age-related decline in thymic function and the slow rate of repopula-
tion in depleted individuals has led to the proposal that T cell regeneration
in adults normally occurs near maximum capacity to maintain normal T
cell numbers and that this rate cannot be substantially increased (Zhang
et al., 1998). In mice depleted of CD4+ T cells by mAb treatment and

I
subsequently thymically injected with fluorescein to tag thymic immigrants,
there was no change in thymic output compared to undepleted animals
(Gabor et al., 1997). In another study, mice were either oversupplied with
thymic emigrants by grafting of additional neonatal thymi under the kidney
capsule, or undersupplied by neonatal thymectomy. The thymic export
rate was constant from both the intact and the graft thymi, regardless of
whether the mouse was oversupplied or undersupplied, and the peripheral
pool remained the same (Berzins et al., 1998). These data suggest that
the thymus-dependent regeneration rate is not altered by the size of the
peripheral pool, or by the number of recent thymic emigrants in the
periphery of adults. However, it remains to be determined whether the
rate of peripheral mechanisms of regeneration can increase as a result
of depletion.

Combining the data from these studies, maintenance of the overall T
cell pool in the adult can be said to result from proliferation of existing
cells. However, renewal of the naive pools may differ for the two subsets;
CD4+ cells are renewed through thymus-dependent mechanisms whereas
CD8+ cells can be renewed by both thymus-dependent and indepen-
dent mechanisms.

III. T Cell Renewal from Progenitors in HIV-1 Infection

The impact of HIV-1 infection on T cell renewal from a progenitor
source was originally thought to be minor based on the lack of infection
of bone marrow progenitor cells (Stanley et al., 1992; Davis et al., 1991).
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However, with the advent of potent antiretroviral therapies more interest
has focused on parameters of immune reconstitution in infected individu-
als. For an adult infected with HIV-1 even the low thymic regeneration
found in uninfected adults is likely to be lacking. Determination of the
level of regeneration in humans is complicated by a lack of suitable markers
for distinguishing between cells that developed from a progenitor and those
arising by proliferation of existing cells. Because the naive compartment is
thought to proliferate little, if at all, without alteration of the CD45 pheno-
type, increases in this pool are considered to result from development of
new cells. By contrast, increases in the memory pool must be via prolifera-
tion either of existing memory cells or of activated naive cells, which will
then change their CD45 phenotype. For newly developed cells, it is difficult
to determine whether cells developed within the thymus or outside the
thymus. Despite these difficulties, researchers have used a variety of means
to try to assess the level of regeneration in HIV-1-infected individuals.

A. REGENERATION ASSESSMENT BY BONE MARROW FUNCTION

There are several pieces of evidence that the bone marrow of HIV-1-
infected persons displays developmental abnormalities. This observation
can be explained by changes in the progenitors and/or by alterations in
the stroma that support development of the progenitors (Moses et al.,
1996). The first observations suggesting diminished development of bone
marrow were of the multiple cytopenias experienced by many infected
individuals (Scadden et al., 1989). Enumeration of progenitor subsets by
mAb staining of surface molecules showed the presence of all progenitor
subsets in bone marrow from HIV-1-infected individuals (Weichold et al.,
1998), though some reports suggest that certain subsets have been reduced
in HIV-1 infection (Marandin et al., 1996; Bagnara et al., 1990). No alter-
ation in the number of very primitive progenitors in infected persons could
be detected in assays that support the development of these cells (Weichold
et al., 1998). Therefore, there is no clear evidence that the number of
progenitors has been adversely affected by HIV-1 infection.

Bone marrow stroma from HIV-1 infected persons is able to promote
the development of progenitors from an uninfected individual (Sloand et
al., 1997). However, the progenitors from the infected individual were I
unable to develop on bone marrow stroma from the uninfected individ-
ual. Bone marrow from HIV-1-infected individuals was shown to have di-
minished capacity to develop cells of the granulocyte, erythrocyte, and
megakaryocyte lineages in in vitro colony assays (Zauli et al., 1992, 1996;
Steinberg et al., 1991). Because the T cell lineage is derived from the
same common precursor as these lineages, it was reasonable to assume
that development of this lineage would also be affected. These data add [
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to the accumulating evidence that the bone marrow progenitors of HIV-
1-infected individuals are impaired in their ability to develop to mature
hematopoietic cells of multiple lineages.

B. PROGENITOR DEVELOPMENT CAPACITY MEASUREMENTS

Progenitor development to the T cell lineage can be measured by in
vitro T cell development systems, such as fetal thymus organ culture or
thymic monolayer cultures, or by development in SCID-hu mice. HIV-1-
infected SCID-hu mice show a thymic pathology, similar to that of infected
children, with a lack of thymic subsets beyond the very primitive triple-
negative stage and alterations in stromal architecture (Aldrovandi et al.,
1993). Interpretation of these results in the context of progenitor cell
function is difficult because the thymic tissue is also of human origin and
a potential target for infection. Additionally, the thymic and liver tissues
used are of fetal origin, which may have a different pattern of response
than adult thymic tissue and bone marrow.

Progenitor function has been measured by fetal thymus organ culture
(FTOC). This technique uses a murine fetal thymus to support the develop-
ment of human progenitors into mature T cells. This xenogeneic system
eliminates the confounding factor of the thymic tissue as a target for
infection. In the initial cross-sectional study, the ability of HIV-1-infected
individuals to develop T cells in FTOC was shown to be significantly lower
than that of uninfected individuals (Clark et al., 1997). This impairment
in T cell development capacity was seen in all individuals, even those
with normal numbers of CD4+ T cells. A longitudinal study compar-
ing individuals who progressed to AIDS and long-term nonprogressors
(LTNPs) showed that progressors lost T cell development capacity very
early in infection but LTNPs still retained significant capacity after 8 years
of infection (Clark et al., 1998).

C. THYMIC FUNCTION ASSESSMENT

Another way of measuring the effect of HIV-1 infection on T cell develop-
ment is by assessing thymic function, particularly because the naive CD4+
T cell compartment has been shown to require a functioning thymus for
its maintenance. Thymic mass of HIV-1-infected adults has been measured
by computerized tomography (CT) scan (McCune et al., 1998). A number
of individuals over 40 years of age were found to have larger thymic mass
than the same aged uninfected individuals. The number of naive cells in
the periphery could be correlated to the amount of thymic mass. These

1 results can be interpreted two ways. The authors concluded that depletion
in the periphery due to HIV-1 infection caused a response in the size of
the thymus; the thymus got bigger to compensate for the loss of cells.
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However, there is no evidence that this occurs in other cases of peripheral
depletion and the size of the thymus in these individuals, prior to infection,
is not known. Clearly, however, these results show that the key to maintain-
ing the naive pool is development of naive cells, which requires a func-
tional thymus.

Another technique has been used to measure thymic function. Excision
circle polymerase chain reaction (PCR) detects T cells that have recently
recombined their T cell receptor (TCR) genes. When a progenitor cell
develops into a mature T cell, it must recombine gene segments to form
a functional T cell receptor. During this process in al3-TCR-bearing cells
(the majority of T cells in the body), the entire S locus is excised and forms
a stable circle in the nucleus. These excision circles, detected by specific
PCR, are only found in CD45RA+ cells (Douek et al., 1998). This technique
has been described as a measure of thymic function. In fact, it is a measure-
ment of development of T cells irrespective of thymic function, because
any developing T cell must recombine TCR genes. In the case of CD4+
cells, however, this technique would measure thymic function because
development of this subset is thought to occur only in a thymus. Using
this technique, Koup and co-workers (Douek et al., 1998) have shown that
the number of cells in the periphery expressing excision circles declines
with HIV-1 infection. Taken together, results on thymic function support
the contention that HIV-1 infection alters the T cell renewal capability of
infected individuals.

These data show that HIV-1 infection has a direct inhibitory effect on
the already low thymic-dependent development in adults. This translates
to a reduced development of CD4+ cells with a naive phenotype and places
even more emphasis on the peripheral expansion of CD4+ cells to maintain
this population as it is being depleted by the virus. Immunodeficiency may
be directly related to this thymus-independent T cell renewal. The cells
that result from peripheral expansion have been shown to be less capable
of responding to neoantigen (Mackall and Gress, 1997b), to have a skewed
TCR repertoire (Mackall et al., 1993), and to be prone to apoptosis (Hakim
et al., 1997). These data also suggest that the eventual depletion of CD4+
cells is, at least in part, due to a block in the development of T cells from
a progenitor source, which prevents the complete regeneration of the naive
CD4+ T cell compartment. In addition, these data explain the observation
that naive CD8+ T cells are also depleted in HIV-1 infection. Whether
the rate of peripheral mechanisms of regeneration are incapable of increas-
ing to make up for the loss of T cells, or whether HIV-1 infection directly
interferes with these peripheral mechanisms as well, remains to be deter-
mined.

1
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D. T CELL RENEWAL AFTER POTENT ANTIRETROVIRAL THERAPY

The effect of antiretroviral therapy on T cell renewal can provide addi-
tional information on the effect of HIV-1 infection on this parameter.
Patients experience a rise in the number of cells in the periphery after
initiation of therapy. Initially, the majority of this increase consists of cells
with a memory phenotype; however there is a slow, consistent rise in the
number of naive cells in most individuals (Kostense et al., 1998; Pakker
et al., 1998; Gorochov et al., 1998). Data from FTOC has shown that the
T cell development capacity of progenitors increases after therapy (Clark
et al., 1998). This increase could be correlated with the number of naive
cells in the periphery. In addition, the number of cells bearing TCR excision
circles goes up after therapy (Douek et al., 1998). In children infected
with HIV-1, those with more thymic volume prior to therapy had the
largest increase in number of CDC T cells, in CD4+ CD45RA/R0 ratio,
and in TCR repertoire (Vigano et al., 1998). These data show that functional
progenitors, in combination with functional thymic tissue, are required for
reconstitution of treated individuals. They also support the contention that
immune depletion in HIV-1 infection is, at least partially, the result of
nonfunctional progenitors and/or nonfunctional thymic tissue.

IV. Getting Quantitative on CU+ T Cell Production

Ho et al. (1995) and Wei et al. (1995), based on the slopes of CD4+ T
cell increase in the first 30 days after strong antiretroviral therapy, con-
cluded that there was high turnover of CD4+ T cells in HIV-1-infected
individuals. It was calculated that 2 x 109 CD4+ T cells were destroyed
and replaced per day. A high turnover of CD4+ T cells in HIV-1 infection
was compatible with the observed high viral replication, likely to lead to
high numbers of infected cells with a short life span (Perelson et al., 1996).
At the time, few estimates of normal rates of CD4+ T cell production were
available. It was therefore assumed that normal production would be found
in those infected patients with little increase in number of CD4+ cells
after start of therapy. Therefore, it was concluded that in other patients
the CD4+ T cell production was increased up to 70-fold as reflected by
the enormous increase in CD4+ T cell numbers in the blood after start of
therapy. This conclusion was predicated on the basic assumption that the
cells that appeared in the blood were newly produced and spared from
killing by the virus due to the therapy. Apart from the debate on the origin
of the CD4+ cells that repopulate the blood, the issue of T cell turnover
in HIV infection was hampered by the lack of proper data on normal T
cell turnover in humans. To date, new studies have provided more insight
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into the amount of ongoing T cell proliferation, both in HIV-1-infected
persons and in healthy humans.

The dynamics of lymphocyte populations have largely been studied in
mice, and for these small rodents it was typically concluded that the normal
turnover is high (Freitas and Rocha, 1993; Freitas et al., 1986; Sprent and
Tough, 1994). The consensus is that murine naive T cells are relatively
long-lived and are mostly produced by progenitor renewal in the thymus
(Dutton et al., 1998). In mice, thymectomy typically leads to loss of naive
CD4+ T cells on a time scale of weeks, whereas memory CD4+ T cell
numbers remain unaffected (Swain et al., 1990). Indeed total body counts
of naive and memory CD8+ T lymphocytes seem to be regulated indepen-
dently (Tanchot and Rocha, 1995). Memory T cells can be long or short-
lived, are generated during immune reactions, and are partly maintained
by low-level proliferation (Dutton et al., 1998). There is strong evidence in
favor of a homeostatic regulation of total body lymphocyte counts ( Freitas et
al., 1996), and this homeostatic control involves lymphocyte specificity and
repertoire diversity (Freitas et al., 1996; Mclean et al., 1997; DeBoer and
Perelson, 1997). Finally, naive and memory CD8+ T cells in transgenic
mice have different survival and renewal requirements (Tanchot and
Rocha, 1997); naive cells require the correct major histocompatability
complex (MHC) restriction element for survival and the correct MHC
with antigen for expansion. Memory CD8+ T cells, on the other hand,
require any MHC class I molecule for survival and the correct MHC
restriction element for expansion (Tanchot and Rocha, 1997). It is not
known how these rodent data translate to the human system. We will here
focus on human CD4+ T cell production and turnover and will suggest
that the normal human lymphocyte turnover is low, about 1% per day,
corresponding to a production of about 2.5 x 109 CD4+ T cells per day.

A. TOTAL BODY NUMBERS OF CD4+ AND CD8+ T CELLS

Estimates for the total body numbers of CD4+ T lymphocytes are calcu-
lated either by extrapolating from peripheral blood counts, or from small
samples of lymphoid tissue. One should be careful, however, with extrapola-
tions from blood measurements, because only a small fraction of the
T lymphocytes resides in the peripheral blood. Such estimates are ex-
tremely sensitive to small changes in the distribution of T cells over the
blood and lymphoid tissue. It is conventionally assumed that in a healthy
human adult 2% of the lymphocytes resides in the blood (Westermann
and Pabst, 1990). Considering that human adults have 5 liters of blood,
with a typical CD4+ T cell count of a 1000 cells/gl, one obtains a total
body estimate of 2.5 X 10" CD4+ T cells (Ho et al., 1995). Although the
value 2% for the percentage of lymphocytes residing in the blood is used
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throughout the literature, the different subsets of lymphocytes probably
have somewhat different percentages. In the peripheral blood the
CD4 : CD8 ratio is approximately one, but in the lymphoid tissue CD4+
T cells are overrepresented (Westermann and Pabst, 1990; Fleury et al.,
1998). Assuming that the conventionally used 2% of lymphocytes in the
blood remains valid as an average over the different lymphocyte subsets,
an average of 1.6% of the CD4+ cells residing in the blood was calculated
from measurements in lymph nodes and peripheral blood (Fleury et al.,
1998). This is reassuringly close to the conventional estimate of 2%. Similar
studies (Zhang et al., 1998) document the numbers of CD4+ T cells in
peripheral blood and lymphoid tissue (mostly tonsils). Assuming 700 g of
lymphoid tissue in 70-kg individuals, the data from five HIV-negative
subjects on average yield a total of 2.24 x 10" CD4+ T cells in the lymphoid
tissue. The peripheral blood counts in the same group of subjects yield
an average of 4.85 X 109 CD4+ T cells in the peripheral blood. Thus, 2.1%
of the CD4+ T cells resides in the blood (Zhang et al., 1998). Both this
total body estimate and the distribution of CD4+ T cells over the blood
and lymphoid compartments are in close agreement with the earlier extra-
polation from the peripheral blood. The CD4+ T cells in a typical human
adult are composed of naive CD45RA+ and memory CD45R0+ cells in
an approximately 1 : 1 ratio (Cossarizza et al., 1996; DePaoli et al., 1988).
This should correspond to an order of magnitude of 10" cells in each
subclass of CD4+ T cells.

For CD8+ T cells the situation is somewhat different, however, because
they are underrepresented in the lymphoid tissue. Estimates for the
CD4 :CD8 ratio in lymphoid tissue vary between 2.5 (Westermann and
Pabst, 1992), 3.7 (Tenner-Racz et al., 1998), and 5 ( Fleuryet al., 1998). Based
on the assumption outlined above, an average of 5.6% of the CD8+ cells
residing in the blood was calculated in HIV-negative subjects (Fleury et al.,
1998). Thus, a CD8+ T cell count of a 1000 cells/id yields a body total of
approximately 10" cells, which is 2.5-fold less than that of the CD4+ T cells.

In HIV-1-infected persons, the distribution of CD4+ and CD8+ lympho-
cytes differs in blood and lymphoid tissue (Fleury et al., 1998; Zhang
et al., 1998). This distribution seems to normalize during highly active
antiretroviral therapy (HAART) (Mosier et al., 1995; Pakker et al., 1998;
Gorochov et al., 1998; Zhang et al., 1998; Hellerstein and McCune, 1997;
Sprent and Tough, 1995). In a group of HIV-positive patients in early
stage of disease (Fleury et al., 1998), the total body numbers of CDS+ T
cells in the peripheral blood increase approximately 2-fold, and in the
lymphoid tissue approximately 3-fold. As a consequence, the percentage
of CD8+ T cells residing in the blood decreases from 5.6% to approximately
3.2%. Thus, during HIV-1 infection there seems to be an increased trapping
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of CD8+ T cells in the lymphoid tissue. For the CD4+ T cells in the same
set of data (Fleury et al., 1998), numbers in the peripheral blood and
lymphoid tissue both decrease approximately 0.8-fold, such that the per-
centage of CD4+ T cells residing in the blood is 1.8% (Westermann and
Pabst, 1990). For a group of patients at later stages of disease, however,
the distribution of CD4+ T cells over the peripheral blood and the lymphoid
tissue does suggest CD4+ T cell trapping in the lymphoid tissue (Zhang
et al., 1998). Before the onset of HAART these patients have total body
counts of 1.2 x 109 CD4+ T cells in the blood, and 9.8 x 101° CD4+ T
cells in the lymphoid tissue, which corresponds to 1.2% CD4+ T cells in
the blood. After 3 weeks of treatment this percentage has normalized to
the conventional 2% in the blood (Zhang et al., 1998). A 1% change in
the distribution of CD4+ T cells is more than sufficient to explain the
marked increase in the CD4+ T cell counts in the peripheral blood during
HAART (Pakker et al., 1998).

B. MEASURING DIVISION RATES BY THE Loss OF
CHROMOSOME DAMAGE

During radiotherapy, part of the lymphocytes become "marked" by
chromosome damage. Radiation induces two types of microscopically de-
tectable damage. Stable damage consists of breaks in the chromatid and
is passed on to one daughter cell during cell division. Unstable damage
consists of dicentric rings and leads to death of the cell in the next mitosis
(Michie et al., 1992). Because cells marked by the unstable chromosome
damage die on cell division, the loss rate of such cells is a measure for
their division rate (Michie et al., 1992). Conversely, cells marked by stable
chromosome damage should only disappear at their normal death rate
(Mclean and Michie, 1995). The latter assumption is probably inaccurate,
however, because cells with stable chromosome damage may continue to
be produced, which probably accounts for the very long estimated average
lifetime of both naive and memory T cells (Mclean and Michie, 1995).
Thus, only data on unstable chromosome damage are discussed (Michie
et al., 1992). In a group of 19 patients treated with radiotherapy the
lymphocyte count in the peripheral blood falls and slowly recovers. During
the recovery period the number of CD45RA+ cells marked by their unstable
chromosome damage first increases and then declines. The marked
CD45R0+ T cells decline continuously (Michie et al., 1992). To allow for
an increase in marked CD45RA+ T cells, the data are fitted to a mathemati-
cal model allowing for a reversion from the CD45R0 to the CD45RA
phenotype, and for different (division-associated) death rates for the
CD45RA+ and CD45R0+ T cells. Assuming that most of the death is
indeed associated with division, the results showed that naive T cells on
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average divide every 1000 days, that memory T cells divide every 263 days,
and that memory cells revert to the CD45RA+ phenotype every 278 days
(Michie et al., 1992). This classic study established that memory T cells
divide three times more frequently than naive T cells do, implying that
long-lived memory is maintained by long-lived clones rather than by long-
lived memory cells (Michie et al., 1992). The fact that CD45R0+ divide
more frequently than naive T cells is now confirmed by a study using Ki67
as a marker for dividing cells (Sachsenberg et al., 1998). One should keep
in mind that these estimated division rates are the sum of the natural
death and the true division rate, that this study lumps CD4+ with CD8+
T cells, and that the immune systems of these patients are recuperating
from radiation therapy and are not at steady state. We expect that the CD8+ T
cell population is largely responsible for the estimated CD45R0 to CD45RA
reversion (Mackall and Gress, 1997a). Finally, one may employ these esti-
mated division rates for calculating the total body T cell production. Assum-
ing a total body count of 2.5 X 10ll CD4+ T cells and 10" CD8+ T cells, a
total of 3.5 x 10" T cells, one obtains a production of about 3.5 x 108 naive
T cells, and 109 memory T cells per day. Both figures are in good agreement
with the results of studies employing Ki67 that are discussed below.

C. RECOVERY RATES FOLLOWING CD4+ T CELL DEPLETION

Adult human patients typically recover slowly from depletion of CD4+
T cells by chemotherapy, radiotherapy, or CD4 monoclonal antibody treat-
ment (Mackall et al., 1995; Moreland et al., 1995; Rep et al., 1997). In
most cases naive CD4+ T cells were depleted more strongly than the
memory CD4+ T cells. CD4+ T cell recovery correlated strongly with age
and thymic function in a group of patients treated with chemotherapy,
and this is especially true for the CD4+ CD45RA+ subset (Mackall et al.,
1995). In children the typical recovery rates are much better. Following
treatment with CD4 mAb, the decrease in the number of CD4 T cells in
the peripheral blood of two patients with juvenile chronic arthritis was
only short-lasting, and numbers returned to normal values within 1 to 8
weeks (Horneff et al., 1995). One can employ the recovery rates following
lymphocyte depletion for estimating the total body production rate of
CD4+ T cells. Immune systems recuperating from CD4+ T cell depletion
by chemotherapy, radiotherapy, or CD4 mAb treatment are not at a natural
steady state, however. Thus the estimated production rates could either
be too high, when density-dependent effects increase CD4+ T cell produc-
tion at low total body counts, or too low, when only part of the TCR
repertoire is recovering. A study of patients recovering from chemotherapy
demonstrated the importance of thymic function (Mackall et al., 1995).
Here we estimate recovery rates for some of the adult patients in this
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study. The three 24-year-old patients in this set recovered their CD4+ T
cell counts in the peripheral blood with linear recovery rates of 0.54, 0.26,
and 0.63 cells/Al per day (Mackall et al., 1995). For the total body such a
recovery rate of about 0.5 cells/Al per day amounts to a production of a
magnitude of 108 CD4+ T cells/day. For a 23-year-old patient the study
(Mackall et at, 1995) provides more detailed data on the CD4+ T cell
recovery. Fitting the data by linear regression, both a linear growth and an
exponential growth model fit reasonably well. This first yields an estimated
growth rate of 1 cell/Al per day, the second a growth rate of 0.008 per
day. By order of magnitude this amounts to a total production of about
108 CD4+ T cells day. Note that these two estimates are about 10-fold
lower than the estimates reviewed above.

Treatment of rheumatoid arthritis patients with CD4 mAb resulted in
a severe CD4+ T cell depletion to counts of about 300 CD4+ T cells/Al
(Moreland et al., 1995). Figure 2 depicts these data and shows that following
CD4+ T cell depletion by this means, the recovery is slow. Six months
after treatment, CD45R0+ memory cells numbers had returned to normal,
but the counts of CD45RA+ naive CD44 T cells were only 50% of the
normal count. By linear regression one finds an average daily increase of
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Fic. 2. Recovery of CD4* T cells in rheumatoid arthritis patients treated with CD4
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, CD4+ CD45R0* memory T cells; , CD4+ CD45RA+ naive T cells. The three regression
lines have slopes of 2.5, 1.5, and 1.1 cells/Al/day, respectively.
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2.5, 1.5, and 1.1 CD4+ T cells/pl, for the total, the memory, and the naive
CD4+ T cells, respectively. Because the production of memory cells is
only marginally higher than that of the naive cells, the last two estimates
amount to a total body production of approximately 108 naive CD4+ T
cells and 108 memory CD4+ T cells per day. These production rates are
very similar to those of the patients treated with chemotherapy (Mackall
et al., 1995). The production rate of 108 naive CD4+ T cells per day
corresponds closely to the similar estimate based on the unstable chromo-
some damage data (Michie et al., 1992). For the memory CD4+ T cells,
however, the current estimate of 108 cells/day equals that of the chemother-
apy patients (Mackall et al., 1995), which was 10-fold lower than our other
estimates. Similar data on CD4+ T cell depletion come from a study of
multiple sclerosis patients that had been administered CD4 mAb (Rep et
al., 1997). These patients received antibody until the CD4+ T cell count
in the peripheral blood dropped to 200 cells/pl. The subsequent recovery
of the CD4+ T cell count was exceedingly slow. Over the time course of
1 year, the average CD45RA+ naive CD4+ T cell count in the blood
increased approximately linearly from 75 to 110 cells/Al. This increase in
naive cells was paralleled by a similar increase in the CD4+ memory cells,
from 115 to 150 cells/pl (Rep et al., 1997). Both correspond to a daily
increase of only 0.1 cell/pd per day. For the total body production these
figures amount to approximately 2.5 x 10 naive and only 2.5 x 107 memory
CD4+ T cells per day. Compared to the data reviewed below, both estimates
are 10-fold and 100-fold lower.

D. BrdU LABELING OF PROLIFERATING CELLS

The most direct method for estimating T cell production is counting
the numbers of dividing cells. The DNA precursor bromodeoxyuridine
(BrdU) (Tough and Sprent, 1994) was applied to study turnover of lympho-
cytes in mice. Labeling simian immunodeficiency virus (SIV)-infected and
noninfected macaques with BrdU showed faster labeling with, and elimina-
tion of, BrdU in lymphocytes and natural killer (NK) cells in SIV-infected
monkeys (Mohri et al., 1998; Rosenzweig et al., 1998). Labeling and elimi-
nation rates of both CD4+ and CD8+ T cells were reported to increase 2-
to 3-fold in SIV-infected animals compared to healthy control animals.
Conversion of the elimination rates into estimates of average life spans
showed that naive T cells live about 16 weeks and memory cells about 7
weeks in normal animals, which is much shorter than previous estimates
of T cell life span in humans (Mclean and Michie, 1995). By mathematical
modeling, Mohri et al. (1998) calculated a proliferation rate of 3.6 X 10'
CD4+ T cells per day and a death rate of 3.6 X 108 CD4+ T cells per day
in normal animals, and in SIV-infected animals a proliferation rate of 4 x
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108 T cells and a death rate of 7.5 x 108 CD4+ T cells per day. Therefore,
the production rates in infected monkeys were two to three times increased.
The same increase in turnover rates was found in CD8+ T lymphocytes,
NK cells, and B cells from infected animals.

BrdU labeling studies as described for mice and macaques cannot be
performed in humans. Another approach to evaluate proliferation in pe-
ripheral blood lymphocytes (PBLs) is to incubate freshly isolated PBLs ex
vivo with BrdU (Tissot et al., 1998). In this study, increased DNA synthesis
could be observed only in patients with less than 100 CD4+ T cells/min'
who had opportunistic infections. Thus, labeling peripheral blood T cells
ex vivo provided no evidence for extensive proliferation in these cells in
asymptomatic HIV-1 infection.

V. Measuring Cell Division with the Ki67 mAb

The Ki67 antigen is expressed by human proliferating cells during the
late GI, S, GI or M phases of the cell cycle (Bruno and Darzynkiewicz,
1992; Schwarting et al., 1986; Tsurusawa et al., 1992), and the number of
cells can be quantified with the Ki67 mAb by flow cytometry. Because the
vast majority of lymphocyte cell divisions takes place in the lymphoid tissue,
measurements within the lymphoid tissue seem most reliable (Zhang et
al., 1998; Fleury et al., 1998; Tenner-Racz et al., 1998). In HIV-infected
patients there is the additional problem that dividing CD4+ T cells are
targets for HIV-1 infection. If Ki67+ CD4+ T cells die by HIV-1 infection,
the total body numbers of such cells can only be a lower bound for the
true CD4+ T cell production.

A. HEALTHY HUMAN ADULTS

Few groups have published data on Ki67 expression in the peripheral
blood and lymphoid tissue of HIV-negative subjects. The percentages of
CD4+ cells expressing Ki67 and the calculations of cell production based
on these results are presented in Table I. Two studies (Zhang et al., 1998;
Fleury et al., 1998) report that about 0.5% of the CD4+ T cells in lymphoid
tissues express the Ki67 antigen. Having about 2.5 X 10" CD4+ T cells
in lymphoid tissue, and assuming that the Ki67 antigen is expressed over
most of the cell cycle of about 24 hr, these percentages correspond to a
total body production of about 108 CD4+ T cells per day. Another group
distinguished between the T cell zone and the germinal center area in
lymph nodes, and reports somewhat higher percentages (Tenner-Racz et
al., 1998). In the T cell zone 2.6% of the CD4+ T cells expresses the Ki67
antigen, whereas in germinal centers 1.4% of the CD4+ T cells is Ki67+.
Recalculating these percentages in terms of total body production is more



T CELL DYNAMICS IN HIV-I INFECTION

TABLE I
CD4+ T CELL PRODUCTION RATES ESTIMATED BY THE Ki67 mAb
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Source Status"

Ki67+ Estimated total Production"

% Fold' Number Fold Number Fold

PBMC" HIV- 0.60 3.9 X 109 2.2 X 107
PBMC HIV+ 0.80 1.3 3.4 X 109 0.89 2.7 X 107 1.2
PBMC" 4-8 wk H 1.0 X 107 0.45
PBMC" 30 wk H 6.9 X 107 3.14
PBMC" HIV- 1.1 4.2 X 109 4.4 X 107
PBMC" HIV+ 6.5 5.9 2.0 X 109 0.46 8.3 X 107 1.9
CD45ROtf HIV- 2.8 1.8 X 109 4.4 X 107
CD45R041 HIV+ 6.7 2.4 9.1 X 108 0.52 7.0 X 107 1.6
CD45RAtf HIV- 0.8
CD45RAti HIV+ 2.7 3.4
LN" HIV- 0.54 2.5 X 10" 1.3 X 109
LN" HIV+ 0.39 0.72 1.9 X 10" 0.78 6.5 X 108 0.51
LN" 30 wk H 3.5 X 109 2.7
LNg HIV- 0.4 2.2 X 10" 8.0 X 108
LNg HIV+ 1.2 3 9.5 X lOw 0.47 1.1 X 109 1.4
LNg 2 day H 1.0 2.5 9.0 X 1010 0.45 9.0 X 108 1.1
LNg 3 wk H 1.0 2.5 1.1 X 10" 0.55 1.1 X 109 1.4
LNg 24 wk H 0.4 1.0 1.2 X 10" 0.60 4.8 X 108 0.6
GCh HIV- 1.4
GCh HIV+ 18.7 13.4
T cell zone" HIV- 2.6
T cell zone" HIV+ 3.7 1.4

PBMC, peripheral blood mononuclear cells; LN, lymph node; GC, germinal center.
h H, highly active antiretroviral therapy.

Fold increase compared to the HIV-negative value.
"Estimated daily production in the compartment (assuming Ki67 is expressed for most of the

24-hr cycle).
Flemy et al. (1998).
Sachsenberg et al. (1998).
Zhang et al. (1998).

h Tenner-Racz et al. (1998).

difficult because it is not known what fraction of CD4+ T cell population
resides in T cell zones, and in the germinal centers, respectively. In germi-
nal centers CD4+ T cell numbers tend to be low (McHeyzer-Williams and
Davis, 1995).

Ki67 measurements in the peripheral blood also suggest low division
rates of the CIA+ T cells. Comparing peripheral blood with lymphoid
tissue, in HIV-negative subjects the percentage of Ki67+ CDC T cells was
similar in both compartments (Fleury et al., 1998). Sachsenberg et al.
(1998) reported a very similar percentage of Ki67+ CD4+ T cells in the

1

"

'
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blood of healthy adults. This study also distinguished CD4+ CD45RA+
naive from CD45R0+ memory T cells, and reports that in the blood, four
times more CD45R0+ CD4+ T cells were Ki67+ than naive CD45RA+
CD4+ T cells (Sachsenberg et al., 1998). Although it remains difficult to
extrapolate total body estimates for CD4+ T cell production from data in
peripheral blood, these confirm that, on average, memory T cells divide
more frequently than naive T cells (Michie et al., 1992; Mclean and Michie,
1995; De Boer and Noest, 1998).

Data regarding Ki67 expression in CD8+ T cells are summarized in
Table II. In the normal situation the total production of CD8+ T cells
seems to be almost 10-fold lower than CD4+ T cell production (Fleury et
al., 1998). In the lymphoid tissue one finds that only 0.2% of the CD8+
T cells expresses the Ki67 antigen. This would correspond to a total body
production of about 108 CD8+ T cells per day. Measurements in the
T cell zone of lymph nodes of healthy human adults, however, suggest a
more than 10-fold higher percentage Ki67+ CDS+ T cells (Tenner-Racz
et al., 1998), which would correspond to a more than 10-fold higher produc-

TABLE II
CD8' T CELL PRODUCTION RATES ESTIMATED BY THE Ki67 mAb

Source" Status"

Ki67* Estimated total Production.'

% Fold' Number Fold Number Fold

PBMC" HIV- 0.41 3.2 X 10' 1.2 X 10'
PBMC" HIV+ 1.2 3 5.7 X 10' 1.8 7.1 X 107 5.8
PBMCf HIV- 1 2.2 X 10' 2.1 X 10'
PBMC1 HIV+ 4.3 4.3 3.3 X 10' 1.5 1.3 X 108 6.2
CD451=10"f HIV- 2 4.7 X 10' 8.5 X 10"
CD45RO"f HIV+ 6.8 3.4 1.0 X 10' 2 4.8 X 107 6
CD45RA"-f HIV- 0.9
CD45RA+-f HIV+ 1.7 1.9
LN'' HIV- 0.17 5.4 X 101" 9.5 X 10'
LN' HIV+ 0.38 2.2 1.7 X 10" 3.1 6.5 X 10' 6.8
LN' 30 wk H 9.1 X 10" 9.6
T cell zoneg HIV- 2.9
T cell zoneg HIV+ 5.5 1.9

° PBMC, peripheral blood mononuclear cells; LN, lymph node.
H, highly active retroviral therapy.
Fold increase compared to the HIV-negative value.

d Estimated daily production in the compartment (assuming Ki67 is expressed for most of the
24-hr cycle).

Fleury et al. (1998).
Sachsenberg et al. (1998).
Termer-Raez et al. (1998).g
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tion of CD8+ T cells per day. The reasons for this discrepancy remain
unclear. For the CD8+ T cells in the peripheral blood one finds smaller
discrepancies. Fleury et al. (1998) report that 0.41% of the CDS+ T cells
in the blood expresses the Ki67 antigen, whereas Sachsenberg et al. (1998)
reported that 1.0% of the CD8+ cells is Ki67+. Distinguishing CD45 sub-
sets, the latter study also reports that in blood CD8+ T cells 0.9% of the
CD45RA+ cells, and 2.0% of the CD45R0+ cells, express the Ki67 antigen
(Sachsenberg et al., 1998). This again demonstrates that CD45R0+ T cells
divide more frequently than CD45RA+ T cells.

B. HIV-INFECTED PATIENTS

In HIV-positive patients the percentages of Ki67+ T cells tend to in-
crease in both CD4+ and CD8+ T cell compartments (Fleury et al., 1998;
Sachsenberg et al., 1998; Tenner-Racz et al., 1998). This is at least partly
due to generalized immune activation that is associated with HIV-1 infec-
tion (Mohri et al., 1998). A mere increase in the percentages of Ki67+ T
cells need not imply, however, that the total production in the CD4 and
CD8 compartments is proportionally increased. In the lymphoid tissue of
a group of early-stage HIV-patients, the percentage of Ki67+ cells has
changed 0.7-fold for CD4+ cells, and 2.2-fold for CD8+ cells, compared
to healthy controls ( Fleury et al., 1998). However, because the total num-
bers of CD4+ T cells have decreased in these patients, the total production
of CD4+ T cells seems somewhat less than normal (Fleury et al., 1998).
The total numbers of CD8+ T cells have increased, such that the total
production of CD8+ T cells is also increased ( Fleury et al., 1998). Note
that in the peripheral blood of these patients both the percentage of Ki67+
CD4+ T cells and the percentage of Ki67+ CD8+ T cells have increased
( Fleury et al., 1998). In HIV-positive patients, dividing (Ki67+ ) T cells are
apparently overrepresented in the blood, thus one cannot simply extrapo-
late from peripheral blood measurements to total body estimates.

In a group of HIV patients at a later stage of disease Zhang et al. (1998)
report that an average of 1.2% of the CD4+ T cells in the lymphoid tissue
expresses the Ki67 antigen. This is 3-fold higher than their control value
(Zhang et al., 1998), and 3-fold higher than the percentages found in early-
stage patients (Fleury et al., 1998). The total body CD4+ T cell counts are
substantially depleted in these patients, however, on average 0.44-fold
lower (Zhang et al., 1998). The 3-fold higher percentage of dividing CD4+
T cells could therefore be due to a more generalized hyper-activation at
this stage of disease, and/or due to an increased CD4+ T cell growth rate
by density mechanisms. Although the percentage of dividing CD4+ T
cells has increased 3-fold because of the HIV-1 infection, the total body
production of CD4+ T cells has increased only 1.27-fold because of the
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depletion of total CD4 T cell numbers. Over 24 weeks of HAART the
percentage of Ki67+ CD4+ T cells in the lymphoid tissue normalizes,
whereas the number of CD4+ T cells in lymphoid tissue increases only
slightly (Zhang et al., 1998). Thus, CD4+ production decreases with
HAART. Similar results were reported by Fleury et al. (1998). This drop
in Ki67 expression during HAART has two important implications. First,
it demonstrates that HIV-1 infection is involved with a level of hyper-
activation that falls when the viremia drops. Second, it suggests that there
is little masking of cells expressing Ki67 by HIV-1 killing of dividing cells.

In a group of 12 HIV patients with CD4+ T cell counts >500 cells/A1,
much higher percentages of Ki67+ T cells were found in the T cell zone
and in germinal centers of lymph nodes (Tenner-Racz et al., 1998). We
have already mentioned that the healthy control data from this group are
also higher than those of other studies (Zhang et al., 1998; Fleury et al.,
1998). For the T cell zone the fold increases remain comparable to those
of others (Zhang et al., 1998; Fleury et al., 1998). The reason for the high
percentage in the germinal centers remains unclear, however.

Sachsenberg et al. (1998) documented Ki67 percentages in the periph-
eral blood and showed that for both CD4' and CD8+ T cells the percent-
ages increase with HIV-1 infection. The majority of the production was
in the CD45R0+ subset. Moreover, it was shown that the percentage of
Ki67+ T cells increased with decreasing CD4 T cell counts. Again, this
could be due to density-dependent mechanisms, or to stronger immune
activation due to higher viral loads that are associated with lower CD4+
T cell counts (Sachsenberg et al., 1998). Finally, note that if dividing cells
are indeed over represented in the peripheral blood (Fleury et al., 1998),
all these percentages should be regarded as overestimates.

VI. What Is the Cause of CD4+ T Cell Depletion in HIV-1 Infection?

With respect to CD4+ T cell depletion it should be noted that this is,
in general, measured in the blood. It is now thought that the steep increase
in CD4+ and CD8+ Tcell numbers in the blood immediately after initiation
of antiviral therapy should be interpreted as redistribution of T cells that
were retained in the lymphoid tissues and at other inflammatory sites
(Pakker et al., 1998; Autran et al., 1997). Interestingly, the magnitude of
this redistribution is inversely correlated with baseline CD4+ T cell counts
and is very limited in patients with baseline CD4+ cell counts greater than
400 mm3 (Fleury et al., 1998). This indicates that, in patients with CD4+
cell counts below 400 mm3, but rarely in patients with higher CD4+ T cell
counts, CD4+ T cell depletion is overestimated based on the CD4+ T cell
counts in the blood. In patients with very low CD4+ T cell counts, in fact,

1
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CD4+ T cell counts sometimes do increase 6-fold within days of the start
of therapy due to redistribution of cells that, apparently, were present in
tissue before therapy (Pakker et al., 1998; J. M. Prins, personal communica-
tion). In line with these observations, it has been reported that in lymphoid
tissue the depletion of CD4+ T cells is less severe compared to that in
blood (Zhang et al., 1998; Rosok et al., 1996).

Experimental results on the number of cells productively infected with
HIV have shown that these numbers are in fact very low, in particular
given the enormous numbers of viral particles produced per day. Chun et
al. (1997) reported a total of 5 x 107 CD4 cells with integrated proviral
HIV and Haase and co-workers (Embretson et al., 1993) reported a total
of 5 X 108 cells that are positive for viral DNA. CD4+ T cell death may
also involve uninfected cells that die through activation-related apoptosis,
although this is reportedly much higher for CD8+ T cells (Finkel et al.,
1995; Meyaard et al., 1992). Zhang et al. (1998) report a twofold increase
in CD4+ T cell apoptosis in lympoid tissue. Taken together, the number
of productively infected cells and the number of cells involved in activation-
induced apoptosis are indicative of a modestly increased destruction of
CD4+ cells in HIV-I -infected patients. Moreover, the fact that production
of CD4+ T cells is not immediately increased after start of HAART, but
increases only later during HAART (Fleury et al., 1998), indicates that in
HIV-1 infection there is not a masking of high cell production by efficient
killing of dividing cells. The question is whether this modestly increased
destruction of CD4+ T cells could still be the main cause of the gradual
CD4+ T cell depletion. This could be the case if CD4+ T cell renewal is
very limited and is incapable of meeting the higher demand, as has been
argued by Haase and colleagues (Zhang et al., 1998).

As pointed out previously, much of the controversy on the magnitude
of T cell production and destruction in HIV-1 infection relates to what
the investigators regard as high turnover or high CD4+ T cell production.
The calculated production of 2 X 109 cells/day, based on the initial rise
of CD4+ T cell numbers in the blood, was believed to be very high and
was suggested to be at least an order of magnitude higher than normal
(Ho et al., 1995). It was argued that the system was highly stressed trying
to keep up with the increased demand due to high levels of CD4+ T cell
death caused by HIV-1. To account for CD4+ T cell depletion, this highly
increased level of CD4+ T cell production was believed to exhaust the
renewal potential. As we have discussed, new experimental evidence on
T cell production numbers in normal controls and HIV-infected patients
suggests that CD4+ T cell production is about two- to threefold increased
with HIV-1 infection and is on the order of 109 cells per day (Table I).
Studies that provided a mathematical interpretation of telomere length
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dynamics in CD45RA+ and CD45R0+ CD4+ cells demonstrated that
telomere shortening rates comparable to uninfected controls are compati-
ble with a small increase in production of CD4+ T cells (Wolthers et al.,
1996, 1998). Therefore, the data suggest that there is a modest increase
in the amount of proliferation of T cells in HIV-1-infected individuals.
This low increase in production of CD44 T cells is not likely to result in
exhaustion of the CD4+ renewal potential, however, which is also indicated
by the lack of significant telomere shortening.

There is now considerable data suggesting that the low level of thymic
development that occurs in adults may be further reduced with HIV-1
infection. Studies of development of bone marrow from HIV-infected
persons all show a lower capacity to develop cells of multiple hematopoietic
lineages (Steinberg et al., 1991; Zauli et al., 1992, 1996). The data from
FTOC show that changes in T cell developmental capacity occur rapidly
in individuals who progress to AIDS but not in long-term nonprogressors
(Clark et al., 1998). In addition, studies in SCID-hu mice and measurement
of thymic tissue have shown that the thymus is also affected by HIV-1
infection ( Joshi and Oleske, 1985; Aldrovandi et al., 1993; Mosier et al.,
1991; Vigano et al., 1998). The export of new cells from the thymus, as
measured by excision circle PCR, have shown that the number of new
naive cells in the periphery is reduced after infection (Douek et al., 1998).
Many of these deficiencies improve with potent antiretroviral therapy
(Douek et al., 1998; Clark et al., 1998; Vigano et al., 1998). Therefore,
there is now good evidence that in HIV-1 infection the capacity to develop
new cells from progenitors is perturbed.

Finally, we can propose a coherent model for CD4+ cell depletion based
on the data we have summarized. During the course of asymptomatic
infection an increasing number of naive cells will be activated and become
memory cells (Roederer, 1995). If these cells cannot be replaced by devel-
opment of new naive cells, as described above, the naive pool will be
effectively depleted over time. Loss of naive cells could also be accelerated
in those individuals harboring syncitium-inducing virus, because these
viruses can infect naive cells (H. Blaak, personal communication). The
memory pool is gradually depleted by activation-induced cell death and,
in the case of CD4+ T cells, by HIV-1-related death. Because development
is inhibited, there are few naive cells to feed into the memory population,
so it must be maintained by increased proliferation of already existing cells.
As discussed, the increase in proliferation does not appear to be vast and
perhaps, though not directly shown, is insufficient to keep up with cell
loss. In any case, the cells that result from this proliferation would be more
likely to die sooner (Mackall and Gress, 1997b). The result is the eventual
loss of the memory CD4+ cells, and concomitant with AIDS diagnosis, the
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loss of the memory CD8+ T cells. Thus CD4+ T cell depletion is likely to
be due to the combination of inhibition of development of new cells, and
the increase in proliferation of already existing cells.

VII. Appendix:Summarizing in Terms of a Mathematical Model

Because most studies suggest that the production of naive CD45R.A.'
cells requires a functional thymus (Mackall et al., 1995; Mackall and Gress,
1997a; Hellerstein and McCune, 1997), we ignore cell division in the naive
compartment, and write for the naive CD4+ T cells N,

dN/dt = a- 'FINN aN ENN2, (1)

where the a term is the source of naive CD4+ T cells from the thymus,
the &AI term represents death, the aN term represents activation of naive
cells due to priming by antigen, and the ENN2 term reflects a possible
additional density-dependent death rate by competition within the naive
compartment (Tanchot and Rocha, 1995). The best current parameter
estimate seems to be a production a = 108 cells/day in human adults.
The average life span and the priming rate remain uncertain, however.
Additionally, there are no data allowing any direct estimate of the density-
dependent additional death rate, sN. One can estimate the average life
span of a naive CD4+ T cell, however, from the estimated production a
and the steady-state total body count of 2.5 X 10" cells. With a steady-state
source of a- = 108 cells/day, the average life span in the naive compartment is
2.5 x 10/108 = 2500 days (or approximately 7 years).

For the memory CD4+ T cells M we allow for a source from the naive
compartment, for renewal, and death. Thus we write that

dM/dt = caN + pMI(1 + MIK) 821,1M 8AiM2, (2)

where the 8 and s parameters again allow for a normal and for a density-
dependent death rate. The caN term represents the clonal expansion of
the activated naive CD4+ T cells (where c is the clonal expansion factor).
The renewal term allows for an expansion/proliferation rate of p cell divi-
sions per day when memory cell numbers are low (i.e., when M K),
and a total production of pK cells/day when memory cell numbers are high
(i.e., when M > K). This proliferation rate p should reflect that typically
only a small fraction of the memory cells is dividing (p should be small).
Most studies reviewed above suggest a production of 108 to 109 memory
CD4+ T cells per day, which seems fairly independent of the total body

4
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lymphocyte counts. This suggests that the memory CD4+ T cell density
K at which the renewal levels off should be fairly low, or K 2.5 X 10".
If memory CD4+ T cell production is indeed 10-fold higher than that of
their naive counterparts, their average life span at steady state should also
be 10-fold lower, about 250 days. What fraction of the total memory
production is due to the activation and clonal expansion of naive CD4+ T
cells, due to the caN term, and what fraction is due to renewal, remains
the major open question, however. Data establishing cell division rates of
CD4+ memory T cells (Sachsenberg et al., 1998; Michie et al., 1992;
McLean and Michie, 1995) unfortunately fail to distinguish between the
two possibilities.

REFERENCES

Aldrovandi, G. M., Feuer, G., Gao, L., Jamieson, B. D., Kristeva, M., Chen, I. S. Y., and
Zack, J. A. (1993). Nature (London) 363, 732-736.

Ameisen, J. C., and Capron, A. (1991). Immunol. Today 12, 102-105.
Autran, B., Carcelain, G., Li, T. S., Blanc, C., Mathez, D., Tubiana, R., Kat lama, C., Debré,

P., and Leibowitch, J. (1997). Science 277, 112-116,
Bagnara, G. P., Zauli, G., Giovannini, M., Re, M. C., Furlini, G., and La Placa, M. (1990).

Exp. Hematol. 18, 426-430.
Berzins, S. P., Boyd, R. L., and Miller, J. F. A. P. (1998). J. Exp. Med 187, 1839-1848.
Bonyhadi, M. L., Rabin, L., Salimi, S., Brown, D. A., Kosek, J., McCune, J. M., and

Kaneshima, H. (1993). Nature (London) 363, 728-732.
Bruno, S., and Darzynkiewicz, Z. (1992). Cell Prolif 25, 31-40.
Chun, T.-W., Carruth, L., Finzi, D., Shen, X., DiGiuseppe, J. A., Taylor, H., Hermankova,

M., Chadwick, K., Margolick, J., Quinn, T. C., Kuo, Y.-H., Brookmeyer, R., Zeiger,
M. A., Bardltch-Crovo, P., and Siliciano, R. F. (1997). Nature (London) 387, 183-187.

Clark, D. R., Ampel, N. M., Hallet, C. A., Yedavalli, V. R. K., Ahmad, N., and DeLuca,
D. (1997). J. Infect. Dis. 176, 649-654.

Clark, D. R., Repping, S., Pakker, N. G., Prins, J. M., Notermans, D. W., Wit,
F. W. N. M., Reiss, P., Danner, S. A., Coutinho, R. A., Lange, J. M. A., and Miedema,
F. (1998). Diminished T cell renewal in HIV-I infection contributes to CD4* T cell
depletion and is reversed by antiretroviral therapy. Submitted.

Cossarizza, A., Ortolani, C., Paganelli, R., Barbieri, D., Monati, D., Sansoni, P., Fagiolo,
U., Castellani, G., Bersani, F., Londei, M., and Franceschi, C. (1996). Mech. Ageing Dev.
86, 173-195.

Danner, S. A., Carr, A., Leonard, J. M., Lehman, L. M., Gudiol, F., Gonzales, J., Raventos,
A., Rubio, R., Bouza, E., Pintado, V., Gil Aguado, A., de Lomas, J. G., Delgado, R.,
Borleffs, J. C. C., Hsu, A., Valdes, J. M., Boucher, C. A. B., and Cooper, D. A. (1995).
N. Engl. J. Med. 333, 1528-1533.

Davis, B. R., Schwartz, D. H., Marx, J. C., Johnson, C. E., Berry, J. M., Lyding, J., Merigan,
T. C., and Zander, A. (1991). J. Virol. 65, 1985-1990.

DeBoer, R. J., and Noest, A. J. (1998). J. Immunol. 160, 5832-5837.
DeBoer, R. J., and Perelson, A. S. (1997). Int. Immunol. 9, 779-790.
DePaoli, P., Battistin, S., and Santini, G. F. (1988). Clin. Immunol. Immunopathol. 48,

290-296.
Douek, D. C., McFarland, R. D., Keiser, P. H., Gage, E. A., Massey, J. M., Haynes,

B. F., Polis, M. A., Haase, A. T., Feinberg, M. B., Sullivan, J. L., Jamieson, B. D., Zack,
J. A., Picker, L. J., and Koup, R. A. (1998). Nature (London) 396, 690-695.

<



T CELL DYNAMICS IN HIV-I INFECTION 325

Dulude, G., Brochu, S., Fontaine, P., Baron, C., Gyger, M., Roy, D.-C., and Perrault, C.
(1997). Exp. Hematol. 25, 992-1004.

Dutton, R. W., Bradley, L. M., and Swain, S. L. (1998). Annu. Rev. Immunol. 16, 201-203.
Embretson, J., Zupancic, M., Beneke, J., Till, M., Wolinsky, S., Ribas, J. L., Burke, A., and

Haase, A. T. (1993). Proc. Natl. Acad. Sci. U.S.A. 90, 357-361.
Finkel, T. H., Tudor-Williams, G., Banda, N. K., Cotton, M. F., Curiel, T., Monks, C.,

Baba, T. W., Ruprecht, R. M., and Kupfer, A. (1995). Nature Med. 1, 129-134.
Fleury, S., De Boer, R. J., Rizzardi, G. P., Wolthers, K. C., Otto, S. A., Welbon, C. C.,

Graziosi, C., Knabenhans, C., Soudeyns, H., Bait, P.-A., Gallant, S., Corpataux, J.-M.,
Gillet, M., Meylan, P., Schnyder, P., Meuwly, J. Y., Spreen, W., Glauser, M. P., Miedema,
F., and Pantaleo, G. (1998). Nature Med. 4, 794-801.

Freitas, A. A., and Rocha, B. B. (1993). Immunol. Today 14, 25-29.
Freitas, A. A., Rocha, B. B., and Coutinho, A. A. (1986). Immunol. Rev. 91, 5-37.
Freitas, A. A., Agenes, F., and Coutinho, G. C. (1996). Eur. J. Immunol. 26, 2640-2649.
Gabor, M. J., Scollay, R., and Godfrey, D. I. (1997). Eur. J. Immunol. 27, 2986-2993.
Gorochov, G., Neumann, A. U., Kereveur, A., Parizot, C., Li, T., Katlama, C., Karmocbkine,

M., Raguin, G., Autran B, and Debre, P. (1998). Nature Med. 4, 215-221.
Gougeon, M., and Montagnier, L. (1993). Science 260, 1269-1270.
Grossman, Z., and Herberman, R. B. (1997). Nature Med. 3, 486-490.
Groux, H., Torpier, G., Monte, D., Mouton, Y., Capron, A., and Ameisen, J. C. (1992).

J. Exp. Med. 175, 331-340.
Hakim, F. T., Cepeda, R., Kaimei, S., Mackall, C. L., McAtee, N., Zujewski, J., Cowan,

K., and Gress, R. E. (1997). Blood 90, 3789-3798.
Hamann, D., Baars, P. A., Rep, M. H. G., Hooibrink, B., Kerkhof-Garde, S. R., Klein,

M. R., and Van Lier, R. A. W. (1997). J. Exp. Med. 186, 1407-1418,
Heitger, A., Neu, N., Kern, H., Panzer-Griimayer, E.-R., Greinix, H., Nachbaur, D., Nieder-

wieser, D., and Fink, F. M. (1997). Blood 90, 850-857.
Hellerstein, M. K., and McCune, J. M. (1997). Immunity 7, 583-589.
Ho, D. D., Moudgil, T., and Alam, M. (1989). N. Engl. J. Med. 321, 1621-1625.
Ho, D. D., Neumann, A. U., Perelson, A. S., Chen, W., Leonard, J. M., and Markowitz,

M. (1995). Nature (London) 373, 123-126.
Hornell', G., Dirksen, U., Schulze-Koops, H., Emmrich, F., and Whan, V. (1995). Ann.

Rheum. Dis. 54, 846-849.
Joshi, V. V., and Oleske, J. M. (1985). Arch. Pathol. Lab. Med. 109, 142-146.
Kaneshima, H., Su, L., Bonyhadi, M. L., Connor, R. I., Ho, D. D., and McCune, J. M.

(1994). J. Virol. 68, 8188-8192.
Kostense, S., Raaphorst, F. M., Notermans, D. W., Joling, J., Hooibrink, B., Pakker, N. G.,

Danner, S. A., Teale, J. M., and Miedema, F. (1998). AIDS 12, F235-F240.
Mackall, C. L. (1997). Blood 89, 3700-3707.
Mackall, C. L., and Gress, R. E. (1997a). Immunol. Rev. 157, 61-72.
Mackall, C. L., and Gress, R. E. (1997b). Immunol. Rev. 160, 91-102.
Mackall, C. L., Granger, L., Sheard, M. A., Cepeda, R., and Gress, R. E. (1993). Blood 82

(No. 8), 2585-2594.
Mackall, C. L., Fleisher, T. A., Brown, M., Andrich, M. P., Chen, C., Feuerstein, I. M.,

Horowitz, M. E., Magrath, I. T., Shad, A. T., Steinberg, S. M., Wexler, L. H., and Gress,
R. E. (1995). N. Engl. J. Med. 332, 143-149.

Marandin, A., Katz, A., Oksenhendler, E., Tulliez, M., Picard, F., Vainchenker, W., and
Louache, F. (1996). Blood 88, 4568-4578.

Margolick, J. B., Mulioz, A., Donnenberg, A. D., Park, L. P., Galai, N., Giorgi, J. V.,
O'Gorman, M. R. G., and Ferbas, J. (1995). Nature Med. I, 674-680.



32b DAWN R. CLARK et al.

Markowitz, M., Saag, M. S., Powder ly, W. G., Hurley, A. M., Hsu, A., Valdes, J. M., Henry,
D,, Sattler, F., La Marca, A., Leonard, J. M., and Ho, D. D. (1995). N. Engl. J. Med.
333, 1534-1540.

McCune, J. M., Loftus, R., Schmidt, D. K., Carroll, P., Webster, D., Swor-Yim, L. B.,
Francis, I. R., Gross, B. H., and Grant, R. M. (1998). J. Clin. Invest. 101, 2301-2308.

Molleyzer-Williams, M. G., and Davis, M. M. (1995). Science 268, 106-111.
McLean, A., and Michie, C. (1993). Nature (London) 365, 301-301.
McLean, A. R., and Michie, C. A. (1995). Proc. Natl. Acad. Sci. U.S.A. 92, 3707-3711.
McLean, A. R., Rosado, M. M., Agenes, F., Vasconcellos, R., and Freitas, A. A. (1997).

Proc. Natl. Acad. Sci. U.S.A. 94, 5792-5797.
Meyaard, L., Otto, S. A., Jonker, R. R., Mijnster, M. J., Keet, R. P. M., and Miedema, F.

(1992). Science 257, 217-219.
Michie, C. A., McLean, A., Alcock, C., and Beverley, P. C. (1992). Science 360, 264-265.
Mohri, H., Bonhoeffer, S., Monard, S., Perelson, A. S., and Ho, D. D. (1998). Science

279, 1223-1227.
Moreland, L. W., Pratt, P. W., Buoy, R. P., Jackson, B. S., Feldman, J. W., and Koopman,

W. J. (1994). Arthritis Rheum. 37, 834-838.
Moreland, L. W., Bucy, R. P., and Koopman, W. J. (1995). N. Engl. J. Med. 332, 1651-1652.
Moses, A. V., Williams, S., Heneveld, M. L., Strussenberg, J., Rarick, M., Loveless, M.,

Bagby, G., and Nelson, J. A. (1996). Blood 87, 919-925.
Mosier, D. E., Gulizia, R. J., Baird, S. M., Wilson, D. B., Spector, D. H., and Spector,

S. A. (1991). Science 251, 791-794.
Mosier, D. E., Sprent, J., Tough, D., Dimitrov, D. S., and Martin, M. A. (1995). Nature

(London) 375, 193-195.
Pakker, N. G., Notermans, D. W., De Boer, R. J., Roos, M. T. L., Wolf, F., Hill, A.,

Leonard, J. M., Danner, S. A., Miedema, F., and Schellekens, P. T. A. (1998). Nature
Med. 4, 208-214.

Perelson, A. S., Neumann, A. U., Markowitz, M., Leonard, J. M., and Ho D. D. (1996).
Science 271, 1582-1586.

Rabin, R. L., Roederer, M., Maldonado, Y., Petru, A., and Herzenberg, L. A. (1995).
J. Clin. Invest. 95, 2054-2060.

Rep, M., Van Oosten, B. W., Roos, M. T. L., Ader, H. J., Polman, C. H., and Van Lier,
R. (1997). J. Clin. Invest. 99, 2225-2231.

Rocha, B., Dautigny, N., and Pereira, P. (1989). Eur. J. Immunol. 19, 905-911.
Roederer, M. (1995). Nature Med. 1, 621-622.
Roederer, M., Gregson Dubs, J., Anderson, M. T., Raju, P. A., Herzenberg, L. A., and

Herzenberg, L. (1995). J. Clin. Invest. 95, 2061-2066.
Rosenzweig, M., DeMaria, M. A., Harper, D. M., Friedrich, S., Jain, R. K., and Johnson,

R. P. (1998). Proc. Natl. Acad. Sci. U.S.A. 95, 6388-6393.
Rosok, B. I., Bostad, L., Voltersvik, P., Bjerknes, R., Olofsson, J., Asjo, B., and Brinchmann,

J. E. (1996). AIDS 10, F35-F38
Sachsenberg, N., Perelson, A. S., Yerly, S., Schokmel, G. A., Leduc, D., Hirschel, B., and

Perrin, L. (1998). J. Exp. Med. 187, 1295-1303.
Scadden, D. T., Zon, L. I., and Groopman, J. E. (1989). Blood 74, 1455-1463.
Schnittman, S. M., Denning, S. M., Greenhouse, J. J., Justement, J. S., Baseler, M., Kurtz-

berg, J., Haynes, B. F., and Fauci, A. S. (1990). Proc. Natl. Acad. Sci. U.S.A. 87,7727-7731.
Schwarting, R., Gerdes, J., Niehus, J., Jaeschke, L., and Stein, H. (1986). J. Immunol.

Methods 90, 65-70.
Sloand, E. M., Young, N. S., Sato, T., Kumar, P., Kim, S., Weichold, F. F., and Maciejewski,

J. P. (1997). AIDS 11, 1547-1552.



T CELL DYNAMICS IN Illy-I INFECTION 327

Sprent, J., and Tough, D. F. (1994). Science 265, 1395-1400.
Sprent, J., and Tough, D. (1995). Nature (London) 375, 194-194.
Stanley, S. K., Kessler, S. W., Justement, J. S., Schnittman, S. M., Greenhouse, J. J., Brown,

C. C., Musongela, L., Musey, K., Kapita, B., and Fauci, A. S. (1992). J. Immunol.
149, 689-697.

Steinberg, H. N., Crumpacker, C. S., and Chatis, P. A. (1991). J. Virol, 65, 1765-1769.
Swain, S. L., Weinberg, A. D., and English, M. (1990). Science 265, 1395-1400.
Tanchot, C., and Rocha, B. (1995). Eur. J. Immunol. 25, 2127-2136.
Tanchot, C., and Rocha, B. (1997). J. Exp. Med. 186, 1099-1106.
Tenner-Racz, K., Stellbrink, H.-J., Van Lunzen, J., Schneider, C., Jacobs, J.-P., Raschdorff,

B., Groszschupff, G., Steinman, R. M., and Racz, P. (1998). J. Exp. Med 187, 949-959.
Tissot, 0., Viard, J.-P., Rabian, C., Ngo, H. S., Burgard, M., Rouzioux, C., and Penit, C.

(1998). AIDS 12, 879-884.
Tough, D. F., and Sprent, J. (1994). J. Exp. Med. 179, 1127-1135.
Tsurusawa, M., Ito, M., Zha, Z., Kawai, S., Takasaki, Y., and Fujimoto, T. (1992). Leukemia

6, 669-674.
Vigano, A., Clerici, M., Bricalli, D., Saresella, M., Difabio, S., Principi, N., and Vella, S.

(1998). Immune reconstitution and role of the thymus during potent antiretroviral therapy
in vertically HIV-1 infected children. 12th World AIDS Conference, Geneva, Switzer-
land (Abstract).

Wei, X., Ghosh, S. K., Taylor, M. E., Johnson, V. A., Emini, E. A., Deutsch, P., Lifson,
J. D., Bonhoeffer, S., Nowak, M. A., Hahn, B. H., Saag, M. S., and Shaw, G. M. (1995).
Nature (London) 373, 117-122.

Weichold, F. F., Zella, D., Barabitskaja, 0., Maciejewski, J. P., Dunn, D. E., Sloand,
E. M., and Young, N. S. (1998). Blood 91, 907-915.

Weinberg, K., Annett, G., Kashyap, A., Lenarsky, C., Forman, S. J., and Parkman, R. (1995).
Biol. Blood Marrow Transplant. 1, 18-23.

Westermann, J., and Pabst, R. (1990). Immunol. Today 11, 406-410.
Westermann, J., and Pabst, R. (1992). Clin. Investig. 70, 539-544.
Wolthers, K. C., Wisman, G. B. A., Otto, S. A., De Roda Husman, A. M., Schaft, N., De

Wolf, F., Goudsmit, J., Coutinho, R. A., Van der Zee, A. G. J., Meyaard, L., and Miedema,
F. (1996). Science 274, 1543-1547.

Wolthers, K. C., Noest, A. J., Otto, S. A., Miedema, F., and DeBoer, R. J. (1998). Normal
telomere lengths in naive and memory CD4+ T cells in HIV-1 infection: A mathematical
interpretation. (Submitted).

Zauli, G., Re, M. C., Visani, G., Furlini, G., Mazza, P., Vignoli, M., and La Placa, M. (1992).
J. Infect. Dis. 166, 710-716.

Zauli, G., Vitale, M., Gibellini, M., and Capitani, S. (1996). J. Exp. Med. 183, 99-108.
Zhang, Z. Q., Notermans, D. W., Sedgewick, G., Cavert, W., Wietgrefe, S., Zupancic, M.,

Gebhard, K., Henry, K., Boies, L., Chen, Z., Jenkins, M., Mills, R., McDade, H., Goodwin,
G., Schuwirth, C. M., Danner, S. A., and Haase, A. T. (1998). Proc. Natl. Acad. Sci.
U.S.A. 95, 1154-1159.

1


