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Recent data suggest that survival of resting, naı̈ve T cells requires
an interaction with self MHC molecules. From analysis of the class
I MHC-restricted T cell receptor transgenic strain OT-I, we report a
different response. Rather than merely surviving, these T cells
proliferated slowly after transfer into T-depleted syngeneic hosts.
This expansion required both T cell ‘‘space’’ and expression of
normal levels of self class I MHC molecules. Furthermore, we
demonstrate that during homeostatic expansion in a suitable
environment, naı̈ve phenotype (CD44low) OT-I T cells converted to
memory phenotype (CD44med/high), despite the absence of foreign
antigenic stimulation. On the other hand, cells undergoing homeostatic expansion did not acquire cytolytic effector function. The
significance of these data for reactivity of T cells with self peptide兾
MHC ligands and the implications for normal and abnormal T cell
homeostasis are discussed.

D

uring thymic development, T cells require an interaction of
their clone-specific T cell receptor (TCR) with self peptide兾
MHC ligands to survive the process of positive selection (1).
Once T cell maturation is complete, however, it has been
assumed that such reactivity toward self is lost (inherent in the
idea of self tolerance) and that the TCR played no significant
role in the survival of resting naı̈ve T cells, before encounter with
foreign antigen. This image of the TCR playing the role of
‘‘Sleeping Beauty,’’ waiting for the appropriate peptide兾MHC
ligand to activate the T cell from its rest, has been challenged by
recent data suggesting a ‘‘Red Queen’’ analogy is closer to the
mark, i.e., that naı̈ve T cells require a constant engagement of the
TCR with self ligands simply to persist in an quiescent state (2,
3). Thus, together with a pivotal role for certain cytokines (4),
TCR interactions with self may be critical for maintenance of the
naı̈ve T cell population.
The most extensive analysis of this phenomena involved
adoptive transfer of T cells bearing the anti-H-Y兾Db TCR
transgene (H-Y TCR) into irradiated hosts (5). These studies
showed that naı̈ve CD8 T cells survived for long periods of time
in the presence of cognate self MHC molecules (i.e., in that case,
H-2Db) and persisted as resting cells in the absence of stimulatory antigen. These same cells disappeared from the secondary
lymphoid tissue in the absence of this class I MHC molecule,
even if another class I molecule (Kb) was present, suggesting a
correlation between survival and TCR recognition of self.
Different rules applied to memory H-Y TCR transgenic T cells,
which required expression of class I MHC to survive and
proliferate but did not distinguish the presence of cognate or
noncognate class I (5). Similar conclusions have been drawn by
other groups concerning a homeostatic interaction of CD4 and
CD8 T cells with self class II and class I MHC molecules,
respectively (6–14). Those studies concluded that naı̈ve T cells
require TCR interactions with self to survive.
We sought to extend these findings by using the class I
MHC-restricted TCR transgenic system, OT-I, specific for
ovalbumin residues 257–264 (OVAp) plus Kb (15). Similar to the
findings described above, we find that OT-I CD8 T cells differ
in their response depending on the presence or absence of self
class I MHC molecules in the host. However, in marked contrast
to previous reports, we find that naı̈ve OT-1 cells proliferate
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rather than simply survive in response to self class I MHC
ligands. We show that this proliferation depends on both
expression of appropriate self peptide兾MHC ligands and T
cell ‘‘space’’ in the periphery and is accompanied by changes
in cell-surface phenotype (conversion from CD44 low to
CD44med/high) indicative of at least partial activation. These data
suggest that, similar to thymic positive selection, recognition of
self peptide兾MHC ligands can lead to some form of activation
of mature T cells. The implications of this expansion in response
to self are discussed in the context of normal T cell homeostasis
and autoimmunity.
Materials and Methods
Mice. Six- to 12-week-old recipient mice (C57BL兾6, TAP0/0, and

RAG0/0) mice were generated and maintained under specific
pathogen-free conditions. Donor mice (C57BL兾6, OT-I, and
OT-I.PL) mice were used at 4–12 weeks of age. Mice used in
irradiation experiments were sublethally irradiated (700 rads) 2
days before cell transfer. Thymectomized Thy1.2⫹ recipients
were allowed to recover for several weeks postsurgery before
being treated with the anti-Thy1.2 antibody 30-H12 (100 l
ascites) at 4, 2, and 0 days before adoptive transfer of donor cells.
Mice were maintained on antibiotic water throughout the experiments.

Adoptive Transfer. Single-cell suspensions were prepared from

lymph nodes of donor mice and CD8⫹ T cells (from OT-I donor
animals) or CD4⫹ T cells (from normal C57BL兾6 donors) were
purified by using CD8 or CD4 Cellect columns, respectively
(Cytovax Biotechnologies, Edmonton, Alberta, Canada). The
purity of the cells ranged from 93% to 95% pure. Cells were
stained before or after purification with 5-(and 6-)carboxyfluorescein diacetate succinimidyl ester (CFSE) (Molecular Probes)
essentially as described (16, 17). Briefly, pooled lymph node cells
were suspended at a concentration of 1–5 ⫻ 107兾ml in Hanks’
balanced salt solution. After warming to 37°C, CFSE was added
at a concentration of 0.5–5 M for 10 min with occasional
mixing, followed by addition of ice-cold RPMI media containing
10% serum and cell recovery by centrifugation. Purified donor
cells were resuspended in PBS and injected i.v. into the tail vein
of the recipient mice. During multiple experiments 1 million or
3 million cells were injected into irradiated recipients and 1
million to 5 million into unirradiated recipients. Similar results
were observed at all these doses of cells. In some cases the mice
were primed on day 2 after transfer with ⬇100 g of OVAp
emulsified in CFA injected s.c.
Abbreviations: TCR, T cell receptor; OVAp, ovalbumin residues 257–264; CFSE, 5-(and
6-)carboxyfluorescein diacetate succinimidyl ester; TAP, transporter associated with antigen processing.
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Flow Cytometry and Functional Assays. Recipient mice were sacri-

Results
OT-I Cells Proliferate in Irradiated, Class I MHC-Expressing Hosts. The

well-characterized OT-I TCR is specific for Kb兾OVAp and is
positively selected in the thymus by Kb (15). To study the role of
the MHC on homeostatic regulation of OT-I cells, we performed
adoptive transfers similar to the system described by Tanchot and
colleagues (5). OT-I CD8⫹ cells were purified, labeled with the
dye CFSE (19), and transferred into irradiated or normal B6 or
transporter associated with antigen processing (TAP)-1deficient (TAP0/0) mice. CFSE is useful to track the extent of
proliferation because it is well retained in nondividing cells, but
is diluted roughly 50% upon each cell division (16, 20, 21).
TAP0/0 hosts were used because they are impaired in expression
of surface class I MHC molecules, which blocks CD8 T cell
development, including differentiation of T cells with the OT-I
TCR (22, 23). The experimental design involved donor cells that
differed from host animals by at least one Thy-1 allele, facilitating identification of donor T cells by using allele-specific
antibodies.
Five days after transfer of CFSE-labeled OT-I cells, we were
surprised to observe that the donor cells proliferate after transfer
into irradiated B6 mice, as judged by a decrease in CFSE
fluorescence (Fig. 1B). In contrast, OT-I cells transferred into
unirradiated B6 mice failed to expand (Fig. 1 A), in keeping with
previous observations from adoptive transfer experiments using
this TCR transgenic system (16). Remarkably, this same population of OT-I cells did not expand after transfer into the TAP0/0
hosts, even though these recipients also had been irradiated (Fig.
1C). The proliferation of OT-I cells after transfer into irradiated
B6 recipients was slow compared with that in identical hosts
immunized with OVAp (Fig. 1D), demonstrating that proliferation in the former group was not maximal.
We were concerned that because donor OT-I T cells express
class I MHC molecules on the surface they could be targets for
cytotoxic T lymphocytes in the TAP0/0 host. Such cells are rare
in TAP0/0 mice, but are extremely reactive toward normal levels
of self class I MHC molecules (24, 25). Therefore, we cotransferred CD8⫹ T cells from OT-I animals and CD4⫹ T cells from
normal B6 mice into irradiated hosts, either B6 or TAP0/0. Each
population was CFSE-labeled, and survival兾expansion was determined 1, 5, and 11 days posttransfer by analysis of total donor
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Fig. 1. Proliferation of OT-I T cells in irradiated syngeneic hosts. OT-I CD8⫹ T
cells were purified from Thy1.1 donor mice (OT-I.PL), CFSE labeled and transferred into B6 (A), irradiated B6 (B and D), or irradiated TAP0/0 (C) hosts. (D) The
mice also were immunized with OVAp. Five days after transfer, lymph nodes
were recovered, and the CFSE expression on donor CD8⫹ cells was determined.
Data are shown for one of the two animals in each group.

cell numbers and CFSE staining (Fig. 2). As before, OT-I T cells
expand extensively in the irradiated B6 host but not the TAP0/0
host, as reflected by changes in both total numbers of donor OT-I
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ficed at the time points indicated, and single cell suspensions
were prepared separately from the spleen and a pool of major
lymph nodes. Lymph node and spleen cells then were stained
with combinations of the following antibodies: anti-CD8 conjugated to (phycoerythrin) PE or allophycocyarin, anti-CD4-PE,
anti-Thy1.1-bio, and anti-CD44-PE (all from PharMingen). Biotinylated antibodies were revealed by using either streptavidin
(SA)-TriColor (Caltag, South San Francisco, CA) or SA-PerCP
(PharMingen). The cells were analyzed by using a Becton
Dickinson FACSCaliber and analyzed by using both CELLQUEST
(Becton Dickinson) and F LOWJO (TreeStar, San Carlos CA)
software.
Cytolytic potential of cells was tested in a 51Cr release assay,
essentially as described (18). Briefly, EL4 tumor cells were
labeled in 51Cr-sodium chromate with or without addition of 10
M OVAp. Target cells were washed and incubated with titrated
numbers of effector cells in a 4-hr assay. An in vitro-generated
OT-I cytotoxic T lymphocyte line was used as a positive control.
Percentages of OT-I cells in the effector populations were
calculated from flow cytometric analysis of a sample of the
lymph node preparation, and the data are presented as adjusted
effector-to-target (E:T) ratios to reflect this calculation. In the
experiment shown, the E:T ratios of both mice in each group
were ⬍11% different, hence the average E:T ratio is represented.

Fig. 2. The lack of CD8 expansion in irradiated TAP0/0 recipients is not caused
by rejection of transferred T cells. CD8⫹ T cells from OT-I.PL animals and CD4⫹
cells from B6.PL animals were cotransferred into irradiated TAP0/0 and B6
recipients. One, 5, or 11 days after transfer, lymph nodes and spleens were
harvested from three animals per group. The total cell numbers of donor CD4
and CD8 T cells and the CFSE expression of these populations was determined.
Total numbers of donor OT-I.PL CD8⫹ (A) and B6.PL CD4⫹ (B) cells are given for
irradiated TAP0/0 (blue symbols) and B6 (red symbols) recipients. The average
donor cell number (with SD shown as error bars) for the lymph node population is shown. (C) The CFSE expression by the OT-I CD8⫹ cells in three TAP0/0
(blue lines) and three B6 (red lines) recipients at day 5 after transfer.
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cells (Fig. 2 A) and CFSE expression level (Fig. 2C). On the other
hand, the behavior of the CD4⫹ T cells was identical in both
recipient groups; these cells expanded to similar numbers levels
in both B6 and TAP0/0 hosts (Fig. 2B), and the level of CFSE
staining was similar in both groups (data not shown). These data
indicate first that the irradiated TAP0/0 environment is not
hostile to TAP⫹ donor T cell expansion and second that the B6
and TAP0/0 hosts are similarly supportive to CD4 T cell proliferation. This latter result is consistent with CD4⫹ T cell expansion in response to class II MHC molecules, which are expressed
by both B6 and TAP0/0 animals.
The CFSE profile of donor T cells in B6 recipients at day 5
clearly showed ‘‘laddering’’ consistent with 1–3 divisions,
whereas the majority of OT-I cells in the TAP0/0 recipient
showed no signs of cell division (Fig. 2C). These data suggest that
most OT-I donor cells participated in the proliferation in the B6
hosts, because the increase in cell numbers in the B6 hosts
between days 1 and 5 (an average of about 6-fold; Fig. 2 A) is
consistent with a few rounds of proliferation by the majority of
input cells. By day 11 the expansion in B6 hosts was even more
extensive, reflected in a ⬇20-fold increase in cell number (Fig.
2 A) and the almost complete loss of CFSE staining (data not
shown). In marked contrast, in the TAP0/0 recipients the total
cell numbers barely change by day 11 (Fig. 2 A). In this experiment, we observed ⬇25% OT-I cells had undergone one cell
division in the TAP0/0 hosts at day 11, but the rest of the cells
maintained high levels of CFSE, indicating that they had not
divided (data not shown). In some other experiments, OT-I cell
numbers in TAP0/0 recipients decreased slightly by day 11,
whereas this population again increased in number in B6 hosts.
This finding may reflect an impaired survival of OT-I cells in the
absence of class I MHC molecules consistent with reports for
other TCR transgenic systems (5, 9) but may simply reflect
regeneration of the host T cell compartment, leading to competition for space (26, 27).
Taken together, these experiments suggest that expansion of
OT-I cells required at least two elements: empty space induced
by the irradiation and expression of self class I MHC molecules
by host cells.
Expansion of OT-1 Cells in T Cell and T兾B Cell-Deficient Hosts. Because
irradiation was used to deplete lymphocytes in these experiments
we were concerned that other acute effects of irradiation might
influence the T cell response. Of special concern was cytokine
production induced by irradiation, because some cytokines
promote naı̈ve and activate T cell survival (4, 27–31). To avoid
these issues, we transferred OT-I cells into RAG-1-deficient
(RAG0/0) or thymectomized, T-depleted B6 (TxB6) hosts. As a
control, OT-I cells again were transferred into unmanipulated
B6 hosts. As shown in Fig. 3, loss of the CFSE dye indicated that
the OT-I cells proliferated in both the RAG0/0 (deficient in both
B and T cells), as well as the TxB6 mice (deficient only in T cells)
but not in the normal B6 hosts. The degree of expansion in these
experiments is similar or more extensive than seen in irradiated
B6 recipients. These data suggest that the expansion of OT-I cells
in an H-2b host is in response to perceived T cell space and is not
altered by the presence or absence of B cells. Importantly, the
chronic absence of host B and T lymphocytes in RAG0/0 mice
indicates that OT-I proliferation is not in response to acute T cell
depletion or cytokines produced by host lymphocytes during the
experiment.
Phenotypic Conversion Accompanies Expansion of OT-I Cells in Syngeneic Hosts. The expansion of OT-I cells in appropriate hosts

implies that the cells are receiving some sort of signal, and the
dependence on class I MHC expression suggests the TCR may
be involved in regulating this response. We therefore examined
the phenotype of OT-I cells transferred into various hosts for
13308 兩 www.pnas.org

Fig. 3. OT-I T cell proliferation and CD44 up-regulation occur after transfer
into T- and T兾B- deficient, nonirradiated hosts. OT-I.PL CD8⫹ T cells were
transferred into unmanipulated B6 (A and E), B6 RAG0/0 (B and F), or thymectomized, T cell-depleted B6 (C and G) recipients for 9 days. Expression levels of
CFSE (A-C) and staining for CD44 (E-G) are shown for the lymph node population gated on donor cells. CD44 expression by the preinjection donor population (D) is shown for comparison.

expression of CD44, a marker that is up-regulated upon naı̈ve T
cells activation and typically persists into the memory pool (32,
33). OT-I CD8 T cells, like polyclonal CD8 T cells from normal
B6 mice, are heterogeneous in CD44 expression, with the
majority being CD44low and a small percentage (4–10%) being
CD44high (Fig. 3 and data not shown). This phenotype is
maintained after transfer into normal B6 hosts or into irradiated
TAP0/0 recipients, but after expansion in irradiated, T-deficient,
or T-depleted hosts, the cells consistently become CD44med/high
(Fig. 3 and data not shown). Typically, the levels of CD44 are not
quite as high as the small CD44high population in the input OT-I
cells, but the CD44 expression level is clearly above that of naı̈ve
T cells, suggesting conversion to memory-like phenotype.
We also studied whether homeostatic expansion of OT-I cells
was accompanied by acquisition of effector function. As cytolysis
is a highly sensitive effector readout for CD8 T cells (34) we
tested the capacity of adoptively transferred OT-I cells to
perform in a 51Cr-release assay performed immediately ex vivo.
OT-I cells were analyzed 5 days after transfer into irradiated B6
recipients. Some recipients were immunized with OVAp to
effectively prime effector cells. As shown in Fig. 4, the cells from
immunized mice were effective killer cells, correlating with
extensive proliferation and increase in OT-I cell numbers (Fig.
1 and data not shown). In contrast, the cells recovered from
unimmunized recipients failed to show any comparable effector
function, even though many had undergone cell division (Fig. 1
and data not shown). Hence, the proliferative response toward
self MHC ligands plus T-cell ‘‘space’’ was not accompanied by
full differentiation of the CD8 T cells to effectors.
Expansion Involves Naı̈ve Phenotype OT-I Cells. The expansion of
OT-I cells in irradiated B6 hosts initially was surprising, because
previous studies using the anti-HY兾Db transgenic model suggested that naı̈ve CD8 T cells persist but do not proliferate after
transfer into irradiated MHC syngeneic hosts (5). One difference
between our systems is that Tanchot and colleagues (5) used
Kieper and Jameson

RAG-deficient H-Y TCR transgenic cells, which were shown to
be uniformly CD44low, i.e., naı̈ve phenotype. T cells from OT-I
mice, however, contain a small, but significant, proportion of
CD44high (memory phenotype) cells, as shown above (Fig. 3). It
was therefore possible that the proliferating pool we observed
after adoptive transfer derived from a small subset of memory
OT-I cells and兾or cells that possessed a second endogenous
TCR. The CD44med/high phenotype of the proliferating donor
cells in T-deficient B6 recipients would be consistent with this
model.
This idea is unlikely based on the data shown in Fig. 2, in which
the fold expansion and decrease in CFSE level are consistent
with a few rounds of proliferation by many cells, not with many
rounds of proliferation by a few cells. Nonetheless, we directly
addressed this issue in two ways. First, we transferred RAG0/0
OT-I T cells into irradiated B6.PL hosts and observed extensive
proliferation, similar to the results described above using normal
OT-I cells (data not shown). Although using RAG0兾0 donor cells
completely eliminates the possible influence of endogenous
TCRs in the response, we notice that there are still some
CD44high phenotype cells in OT-I RAG0/0 animals (data not
shown). Thus, to test the role of contaminating memory phenotype cells directly, we transferred OT-I T cells either before or
after sorting for CD44low cells by using fluorescence-activated
cell sorting. The sorted cells were ⬎99.3% CD44low whereas the
unsorted population was ⬇91% CD44low in this experiment (Fig.
5A). Significantly, the specificity and degree of proliferation was
similar in both populations after transfer into irradiated TAP0/0
and B6 hosts (Fig. 5). Furthermore, both the bulk OT-I cells and
sorted CD44low cells showed similar CD44 phenotypes after
transfer, the cells being transferred into irradiated B6 hosts
becoming CD44med/high, with those transferred into TAP0/0 hosts
remaining mostly CD44low. Taken together these data indicate
that the expansion observed involves naı̈ve phenotype OT-I cells,
which convert to a CD44med/high phenotype after proliferation.
Discussion
The initial impetus for this project was to study how TCR
recognition of self peptide兾MHC ligands influenced survival
Kieper and Jameson

Fig. 5. Expansion of sorted CD44low ‘‘naı̈ve’’ OT-I T cells is similar to that of
unsorted cells. OT-I CD8⫹ donor cells were used as a bulk population or after
sorting for low CD44 expression. Reanalysis of these populations (A) revealed
the unsorted cells (green line) to be 8.7% CD44high, whereas the sorted cells
(red line) were ⬍0.7% CD44high, using the marker shown. The unsorted OT-I
cells (B and D) and sorted CD44low (C and E) population were transferred into
irradiated B6 (red lines) or TAP0/0 (blue lines) and assayed for CFSE expression
(B and C) and CD44 staining (D and E) at day 10 after transfer. Data are
representative of 2–3 mice per group.

versus death of T cells. To our initial surprise, and in stark
contrast to the results of others (5, 10), we found that CD8 T cells
proliferate rather than persist in a resting state when transferred
into a syngeneic, T cell-deficient environment. Our data show
that this expansion is mediated by recognition of physiological
levels of cognate class I MHC molecules because it does not
occur in TAP-deficient hosts. T cell space is required for this
homeostatic expansion, because cells transferred into animals
that possess a normal complement of T cells do not expand
without antigenic stimulation. This response is not caused by side
effects of T-depletion methods, however, because we and others
(11, 14, 21, 35) show analogous results using irradiated, thymectomized, and RAG0/0 hosts.
Our data fit well with a recent report from Viret and colleagues (13). Those authors used an MHC class II-restricted
TCR transgenic system and showed that these CD4 T cells
survive and slowly expand in response to self class II molecules.
Furthermore homeostasis of normal CD4 T cells was impaired
in hosts that lack H-2M expression, and which therefore have a
much more restricted peptide diversity than wild-type hosts (13).
Viret et al. did not report whether CD4 proliferation in their
system was accompanied by phenotypic conversion as we show
here for CD8 T cells, but the overall similarity of the responses
is striking and indicates that similar homeostatic expansion may
occur in both T cell subsets.
Recent data indicate the TCR specificity for expansion is
similar to that for positive selection (13, 35, 36). Our preliminary
results using a system allowing specific peptide presentation in
the absence of TAP-1 support this view but also indicate that
some peptide兾MHC ligands that can drive positive selection
appear not to support mature T cell expansion (unpublished
data). Furthermore, Marrack’s group (14) showed that while
mature CD4 T cell expansion requires host expression of class II
molecules, proliferation did not correlate with recognition of the
probable positively selecting ligand. Instead, those authors conclude that mature T cells respond to “unfamiliar” MHC-bound
peptides (i.e., peptides not present in the thymus), which may be
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Fig. 4. Efficient cytolytic effector function does not develop in OT-I cells
undergoing homeostatic expansion. OT-I T cells were transferred into irradiated B6 mice and analyzed 5 days later. The mice were (green squares) or were
not (red circles) immunized with OVAp. Lymph node cells were tested in a
51Cr-release assay against EL4 cells pulsed with or without OVAp. The response
toward EL4兾OVAp targets is shown versus the effector-to-target (E:T) ratio
calculated for OT-I cells (see Materials and Methods). Two mice per group
were analyzed and the average response is shown with the range indicated by
error bars. Lysis by an in vitro-cultured OT-I cytotoxic T lymphocyte (CTL) line
was used as a positive control (black triangles). Responses to EL4 with no
added peptide were less than 4% for the in vitro CTL line and less than 1% for
all other responders.

over-represented or newly accessible in T-depleted hosts. Similarly, T cells bearing the HY TCR fail to proliferate in syngeneic
T-deficient hosts unless exposed to male antigen (37, 38). These
differences between TCR systems are accentuated in recent data
from Ernst et al. (35) who show that T cells from some TCR
transgenic systems proliferate in response to self peptide兾MHC
ligands (similar to OT-I), whereas T cells from other systems do
not (35).
What can we make of these differences in expansion requirements for different TCR transgenic mice? Freitas and colleagues
(26) attributed such differences to contaminating memory cells
in the donor population, but our data and that of others (35)
using sorted CD44low cells argues against this interpretation.
Possibly some TCR transgenes fail to encounter a suitable self
peptide兾MHC ligand in the periphery. But this cannot explain
data from the H-Y system, because absence of Db does indeed
affect naı̈ve H-Y TCR transgenic T cells, implying functional
recognition of self peptide兾MHC ligands but at the level of
survival not expansion. TCR recognition of self ligands could
induce different responses depending on the nature of the ligand
and兾or the affinity of the TCR-peptide兾MHC interaction, similar to the activity of TCR partial agonists (39–41). A related
idea is that fine tuning during or after thymic development might
alter T cell reactivity; an interesting candidate is CD5, expression
of which varies between TCR transgenic strains and inversely
correlates with T cell reactivity (42). In keeping with this idea,
H-Y transgenic T cells have very low CD5 levels, suggesting
negligible self reactivity (42). An interesting consequence of
these differences is that homeostatic expansion will bias the T
cell repertoire; proliferation of some T cells (exemplified by
OT-I) will occur at the expense of others (exemplified by the H-Y
TCR transgenic). Indeed, such a competition has been demonstrated experimentally by Freitas and colleagues (26).
Given this discrepancy in TCR transgenic models, it is important to determine which system best reflects the characteristics of normal T cells. Work from Rocha and Tanchot (43) and
Freitas and colleagues (26) suggested that normal, nontransgenic T cells behaved like the H-Y TCR transgenic cells. However, these experiments need to be reevaluated based on the
phenotypic conversion we report here: the previous experiments
involved adoptive transfer of nontransgenic T cells containing
both naı̈ve and memory T cells and the fates of these two subsets
was determined by staining for CD44 (43). Because we show that
CD44low T cells become CD44med/high upon homeostatic expansion, those data become considerably harder to interpret. More
directly, recent data indicate that CD4 and CD8 T cells isolated
from normal non-TCR transgenic mice undergo expansion and
phenotypic conversion in T-depleted mice, arguing that this
property is typical of most normal T cells (14, 35).
The phenotypic conversion of OT-I T cells from CD44low to
CD44med/high during expansion in T-depleted, Kb-expressing
animals initially was surprising. However, there is precedent
for this observation: Bell and Sparshott (44) reported that, in
the rat, CD45high (naı̈ve phenotype) cells transferred into nude
recipients proliferate and many become CD45low (memory
phenotype), similar to the results described here. Those same
authors have concluded based on more recent data that there
is no role for environmental antigen in this phenotypic conversion, although a role for recognition of self peptide兾MHC
complexes was not considered (45). Interestingly, Bell and
Sparshott report that transferred CD45high cells become
CD45low within a few weeks but reacquire the CD45high
phenotype after several months (44). It will be interesting to
see whether OT-I cells transferred into T-deficient B6 mice
convert back into the CD44low phenotype at later time points
than reported here.
It is noticeable that the T cell expansion we observed is slow
to start, with only one or two rounds of division apparent by day
13310 兩 www.pnas.org

5 posttransfer. In contrast, OT-I responses toward OVA兾Kb
initiate rapidly, leading to massive expansion within 2–3 days
after antigen exposure (Fig. 1), even in situations where there is
no overt adjuvant or danger effect (16) (M. McGargill, E. Parke,
and K. Hogquist, personal communication). Similar slow expansion in syngeneic hosts has been reported (11, 13). Furthermore,
we notice that the CD44 levels on OT-I cells that expand by
homeostatic proliferation are typically not quite as high as seen
on true memory T cells (Figs. 3 and 5 and data not shown). Thus,
it appears that the response of OT-I T cells toward the self
ligands is qualitatively and兾or quantitatively different from
response to antigenic ligands. This view is reinforced by our
demonstration that the OT-I cells that proliferate in response to
self MHC plus space did not efficiently differentiate into effector
cells, in contrast to those primed by antigen. This result is
unlikely to be caused by differences in the number of cell
divisions because cytolytic effector function is acquired within
one cell division (46). Hence we propose that the activation that
drives T cell expansion in response to self ligands is insufficient
to drive full and兾or sustained commitment to effector function.
If mature T cells have the capacity to respond (at least by
proliferation) to self peptide兾MHC ligands, why is this not
manifested as runaway autoimmunity? Based on the requirement for T cell space, we speculate that the “brake” that prevents
this overt self-reactivity depends on the maintenance of a
normally sized T cell pool. Indeed, reconstitution experiments
described by Ernst et al. (35) clearly make this point, although the
mechanism by which T cells perceive T cell space is unclear.
The systems used in this and other reports involved experimentally T-depleted hosts, hence an important issue is the
practical relevance of these findings to clinical settings. Certain disease states (e.g., AIDS) and certain therapeutic approaches (e.g., chemo- or radio-therapy) deplete the majority
of T cells. In keeping with our observations, it has been
observed that in such T-depleted humans, the remaining T
cells often are in cycle and typically express activation and兾or
memory markers (47, 48). Furthermore, certain gene-targeted
mouse strains show phenotypic patterns similar to those
predicted from this model. For example, in invariant chaindeficient mice (Ii0/0), CD4 development in the thymus is
reduced, yet peripheral CD4 cells display up-regulation of
some (but not all) activation markers (49 –51). This reactivity,
especially expression of high levels of CD44, is more marked
when there is Ii expression in the bone marrow-derived cells
(51). Furthermore, an Ii transgene that only partially rescues
class II MHC molecule expression simultaneously restores
CD4 positive selection and prevents the appearance of such
activated-phenotype peripheral CD4 cells (49, 50). Similarly,
in mice lacking the transcription factor Tcf-1, the poor maturation of thymocytes coincides with proliferation and expression of activation markers by mature T cells in the periphery
(52). In our model, these effects all may result from peripheral
homeostatic expansion and phenotypic conversion of the few
T cells that mature in the thymus of these mutant mice.
Does such homeostatic expansion occur in the normal T cell
population? An interesting candidate would be the first waves of
mature T cells exiting the thymus in a newborn mouse. However,
mature T cells in the neonatal mouse are not in cycle nor do they
express memory markers (53, 54), which appears to hold true for
neonatal OT-I animals (unpublished data). On the other hand,
a population of such memory phenotype T cells have been
detected in human fetuses, but not in the newborn, suggesting the
population appears early in human T cell colonization but
changes or is replaced later in development (55). More refined
studies will be required to determine whether such expansion
occurs physiologically in the mouse.
The unexpected proliferative response described here raises
the interesting possibility that the TCR interaction with self
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peptide/MHC complexes not only dictates basic T cell survival
(2, 3) but also may shape the size and diversity of T cell
repertoire, because of competition between T cells for available
space.

