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T cell antigen receptor (TCR) diversity is a critical feature of
adaptive immunity. However, restriction of TCR diversity is a
potential risk during immune reconstitution by homeostatic pro-
liferation. What peripheral mechanisms are in place to maintain
TCR diversity during recovery from lymphopenia? Here, we exam-
ine competition between several monoclonal CD4 T cell popula-
tions in RAG�/� and TCR Tg RAG�/� environments. The results
suggest that specific self ligands constitute a critical limiting
resource essential for homeostatic proliferation of naive CD4 T
cells. In addition, T cells ignore large numbers of competitors as
long as their TCR specificity is different and other non-MHC
resources are not limiting. Therefore, the numbers of self ligands
expressed in the periphery set the limits on TCR diversity.

The total size of the peripheral T cell population is under strict
homeostatic control. Different subsets of T cells, such as ��

versus �� T cells or naive versus memory T cells, constitute
separate compartments and are regulated independently (1–4).
A concept of ‘‘T cell homeostatic space’’ emerged in recent years,
which suggests that the size of each T cell compartment is
controlled by its constituent members. The T cells seem to be
under severe pressure to fill this space. Thus, their numbers
expand after adoptive transfer into various T cell-deficient hosts
and during the recovery phase after partial T cell depletion.
Indeed, in these scenarios, the T cell population size can return
to normal through homeostatic expansion in the absence of a
thymus. However, the precise mechanisms of how T cells per-
ceive absence or availability of homeostatic space remain un-
clear. There are at least two broad and nonmutually exclusive
models that could account for homeostatic proliferation (1, 2, 5,
6). The first model presumes that T cells are in constant
competition for limiting stimulatory signals. The second pro-
poses continuous T cell-mediated inhibitory signals. Both mod-
els predict little proliferation at the steady state. However,
induction of lymphopenia would lead to an increase of stimu-
latory signals and�or a decrease of inhibitory signals, and drive
T cell proliferation until the state of equilibrium is reestablished.

Both models provide a very dynamic picture of T cell ho-
meostasis at equilibrium. Individual T cells are not simply
‘‘resting’’ and awaiting antigen encounter, but are under con-
tinuous selective pressure to persist within a limited space
occupied by many competitors. Such competition among indi-
vidual T cells has been demonstrated in mixed bone marrow
chimeras and parabionts (7). Different T cells can be ranked in
their ability to compete in these systems. Nontransgenic poly-
clonal T cells dominate over T cell antigen receptor (TCR)
transgenic (Tg) T cells, and different TCR Tg populations show
a clear hierarchy to become dominant over others. Different T
cells can be ranked in their ability to undergo homeostatic
proliferation. For example, OT-II and anti-HY TCR Tg T cells
are virtually unable to expand in lymphopenic hosts, whereas
other TCR Tg T cells display a range of capacities to undergo
homeostatic proliferation (5, 7, 8). The apparent heterogeneity
in the abilities of different T cells to compete with others raises
a potential problem. How does the immune system maintain
diversity among its T cells and not become dominated over time

by a few of the best-competing clones, especially under condi-
tions of limited thymic output?

One essential signal for homeostatic proliferation is provided by
TCR stimulation by self peptide�MHC complexes (1–4, 9). In fact,
the heterogeneity among different TCR Tg T cells in their ability
to undergo homeostatic proliferation may simply be a reflection of
the abundance of peptide�MHC epitopes and strength of their
interaction with TCRs (10). However, large numbers of bystander
T cells cotransferred into irradiated lymphopenic mice can inhibit
homeostatic proliferation independently of their TCR specificity or
the ability to undergo homeostatic proliferation on their own (5, 8).
These results suggest that self peptide�MHC molecules do not
represent a limiting resource for T cells. Instead, T cells may control
the size of their compartment through competition for local non-
MHC stimulatory factors or direct inhibitory T–T cell interactions
(5). The dominance of these non-MHC stimuli may lead to a degree
of ‘‘democratization’’ among different T cell clones, whereby those
best at proliferation may be restrained by a mediocre majority. This
type of regulation by bystander T cells would seem to ensure TCR
diversity, at least at a steady state. However, it does not provide a
mechanism to limit dominance by a few T cell clones that happen
to be the best proliferators under lymphopenic conditions.

To explore this problem, we tested whether resident T cells
present in large numbers in TCR Tg RAG�/� mice, but all
expressing an identical TCR, would be sufficient to inhibit
homeostatic proliferation. Surprisingly, both TCR Tg RAG�/�

and plain RAG�/� mice supported similar degrees of homeo-
static proliferation as long as the TCR of the resident T cells
differed from the TCR of transferred T cells. However, no
homeostatic proliferation took place if the TCR of transferred
and resident T cells was the same. In addition, the duration of the
proliferative burst was very brief and resulted in a relatively small
final population of T cells when compared with the baseline
numbers of resident T cells seen in TCR Tg RAG�/� mice. These
experiments suggest that self peptide�MHC complexes repre-
sent the most limiting resource for homeostatic expansion in this
simple system. Furthermore, naive T cells of one self peptide�
MHC specificity may not need to compete with T cells of another
specificity until some other resource required by both T cell
populations becomes limiting. Certainly, this limit is not reached
in the TCR Tg RAG�/� mice. We propose that the minimal
diversity of the TCR repertoire maintained in the absence of the
thymus may be determined by the number and density of
different self peptide�MHC complexes expressed in the host.

Materials and Methods
Mice. The DO11.10 (11) and HA (12) TCR Tg mice, extensively
backcrossed (�15 generations) onto the BALB�c background,
were bred onto RAG-2�/� BALB�c background (Taconic Farms).
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Thy1.1 RAG-2�/� HA TCR Tg mice were generated by breeding
with Thy1.1 BALB�c mice generously provided by L. Turka
(University of Pennsylvania, Philadelphia). SM-1 TCR Tg RAG-
2�/� mice (13), specific for the Salmonella typhimurium flagellin
peptide 427–441�I-Ab, were made on the C57BL�6 background,
and were generously provided by S. McSorley (University of
Connecticut, Farmington). Thy1.1 RAG-2�/� SM-1 TCR Tg and
OT-II TCR Tg (14) were generously provided by M. Jenkins
(University of Minnesota). OT-II TCR Tg mice were bred onto
RAG-1�/� C57BL�6 and Thy1.1 backgrounds (The Jackson Lab-
oratory). All animals were maintained in a specific pathogen-free
facility in microisolator cages with filtered air according to National
Institutes of Health guidelines. In some experiments, mice received
600 cGy of sublethal irradiation from a cesium source. These mice
were maintained on antibiotic water (neomycin sulfate, 2 mg�ml).

Adoptive Transfer. Unless otherwise specified, donor CD4 T cells
collected from secondary lymphoid tissues (axillary, brachial, cer-
vical, mesenteric, inguinal lymph nodes, and spleen) were labeled
with 5,6-carboxyfluorescein diacetate succinimyl ester (CFSE; Mo-
lecular Probes) by using a technique previously described (15), and
injected intravenously at 2–5 � 106 cells per recipient. Competitor
polyclonal CD4 T cells were prepared by negative selection by using
magnetic microbeads (Miltenyi Biotec, Auburn, CA), depleting
cells expressing HSA (CD24), B220, MHC class II, and CD8.

Detection of IL-2 Production by Antigen-Specific T Cells in Vivo.
DO11.10 RAG�/� T cells were adoptively transferred into
specified recipients 1 day before the assay. The basic protocol has
been described (16, 17). Four hours after the mice were injected
with 250 �g of the ovalbumin 323–339 peptide, their spleens were
placed in 2% formaldehyde. Single cell suspensions were fixed
for 20 min and washed with PBS. The cells were then perme-
abilized with a buffer containing 0.3% saponin and 25% FCS,
and stained with phycoerythrin (PE)-labeled anti-IL-2 (BD
PharMingen), CyChrome-labeled anti-CD4 (BD PharMingen),
and FITC-labeled KJ1-26 mAbs.

Flow Cytometry. Recipient mice were killed at indicated time points.
Single cell suspensions were prepared separately from spleen and
lymph nodes. The T cells were stained by using biotin-labeled
mAbs, KJ1-26 or 6.5 (generously provided by H. Levitsky, Johns
Hopkins University) followed by SA-PE, PE-labeled anti-Thy1.1 or
Thy1.2, and CyChrome-labeled anti-CD4 (BD PharMingen). Den-
dritic cells (DCs) were released with 20-min Collagenase D diges-
tion (Roche Molecular Biochemicals) and 1-min exposure to 5 mM
EDTA. DCs were identified by PE-labeled anti-CD11c mAb, and
divided into lymphoid or myeloid subgroups by CyChrome-labeled
anti-CD8� mAb (PharMingen). DCs were further stained with
FITC-labeled anti-MHC class II, anti-CD80, anti-CD86 mAbs
(PharMingen). BrdUrd content was measured by using the BrdUrd
Flow Kit (PharMingen); mice were injected i.p. daily with 1 mg of
BrdUrd (Sigma) for indicated periods.

Immunohistochemistry. Spleens were fresh frozen in OCT embed-
ding media (Miles) and sectioned (8 �m) in a cryostat. Glass
slides were air-dried, fixed in acetone for 15 min, and rehydrated
in PBS. Sections were incubated at room temperature with 1%
hydrogen peroxide, followed by blocks with serum and anti-
CD16 mAb. Endogenous biotin was blocked by using avidin�
biotin blocking kit (Vector Laboratories). Sections were sequen-
tially stained with anti-CD11c, KJ1-26, and B220, and developed
by using alkaline phosphatase and peroxide substrates (Vector
Laboratories). The slides were dehydrated in ethanol, air dried,
and mounted by using VectaMount permanent mounting me-
dium (Vector Laboratories).

Results
Competition for the Self Peptide�MHC Complexes, Not T–T Cell
Interactions, Can Limit Homeostatic Proliferation in TCR Tg RAG�/�

Mice. We have bred a number of MHC class II-restricted TCR Tg
mice (DO11.10, HA, OT-II, and SM-1) onto the RAG�/� back-
ground. All these mice have obviously reduced size of secondary
lymphoid organs (lymph nodes and spleen) primarily because
they lack all B cells, CD8 T cells, memory CD4 T cells, and �� T
cells. However, they all maintain a relatively large naive CD4 T cell
population size (Table 1). To test whether their naive
T cell compartments are ‘‘full,’’ we measured the ability of naive T
cells to undergo homeostatic proliferation within their secondary
lymphoid organs. Mature lymph node cells and splenocytes from
DO11.10 RAG�/� or HA RAG�/� transgenics were labeled with
CFSE and transferred into normal BALB�c, DO11.10 RAG�/�,
HA RAG�/�, and plain RAG�/� recipients. To our surprise, we
found that DO11.10 T cells proliferated at least as well in HA
RAG�/� as in plain RAG�/� recipients (Fig. 1), but did not
undergo homeostatic proliferation in the DO11.10 RAG�/� recip-
ients. Similarly, HA T cells proliferated well in RAG�/� and
DO11.10 RAG�/�, but not HA RAG�/� recipients (Figs. 1
and 2A).

These results suggest that endogenous T cells have to compete
with each other for access to MHC, although it was formally
possible that competition was for access to distinct MHC molecules
(I-Ad versus I-Ed) rather than specific peptide�MHC complexes.

Table 1. Relative rates of proliferation by CD4 T cells in TCR Tg
RAG�/� mice at steady state are similar to naive CD4 T cells in
normal mice

Mouse strain
No. of naive CD4 T
cells � 10�6 � SE

Daily rate of BrdUrd
incorporation, %

BrdUrd � cells � SE

C57BL/6 41.0 � 13.1 1.46 � 0.39
BALB/c 46.0 � 3.8 0.94 � 0.11
DO11.10 RAG-2�/� 24.7 � 1.4 0.72 � 0.29
HA RAG-2�/� 15.1 � 3.9 0.78 � 0.07
OT-II RAG-1�/� 8.9 � 2.8 1.40 � 0.58
SM-1 RAG-2�/� 22.4 � 6.5 0.97 � 0.30

Average numbers (from six to nine mice) of naive T cells within spleens and
lymph nodes in different strains are indicated. CD45RB expression was used to
define naive T cells in normal mice. Mice were injected daily with BrdUrd for
7–10 days. The fraction of naive T cells that incorporated BrdUrd was measured
by flow cytometry. An average daily rate of BrdUrd incorporation from four
individual mice in each group is shown.

Fig. 1. Homeostatic proliferation of naive CD4 T cells in RAG�/� hosts is not
limited by monoclonal competitors expressing a different TCR. CFSE-labeled
DO11.10 RAG�/� or HA RAG�/� CD4 T cells were transferred into indicated
recipients, 5 � 106 cells per mouse, on day 0. Histograms show CFSE content of
transferred cells identified with anti-CD4 and anti-clonotypic mAbs, KJ1-26 and
6.5 for DO11.10 and HA T cells, respectively, in spleens of recipients on indicated
days. The data are representative of three independent experiments.
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Therefore, we repeated the experiment by using a different TCR
Tg, SM-1 RAG�/�, which was made on the C57BL�6 background.
CFSE-labeled SM-1 Thy1.2 cells were transferred into plain
RAG�/�, OT-II Thy1.1 RAG�/�, or SM-1 Thy1.1 RAG�/� recip-
ients. The reciprocal experiment, transfer of OT-II cells into
different hosts, was not done because OT-II cells are known poor
homeostatic proliferators (5, 8). Once again, SM-1 T cells did not
proliferate in the SM-1 recipients, but did equally well in the
RAG�/� versus OT-II TCR Tg recipients (Fig. 2B). Because
C57BL�6 mice lack I-E molecules, we conclude that, in our system,
homeostatic proliferation is limited by competition for specific
peptide�MHC complexes with bystander T cells.

Interestingly, the DO11.10, HA, and SM-1 T cells had distinct
‘‘signatures’’ of CFSE dilution kinetics (Figs. 1 and 2). DO11.10 T
cells were slow to enter cell cycle initially, but proliferated vigor-
ously after the first 2 wk after transfer. In contrast, HA T cells
entered cell cycle within the first week, but did not change their
CFSE profile significantly thereafter. The reason for these individ-
ual differences is unclear. It is possible that a critical number of
encounters with self peptide�MHC complexes must occur before
commitment to the first cell division, but requirements for further
TCR stimulation may be lower for subsequent cell divisions. It is
also possible that different T cell clones vary in their requirements
for costimulatory signals or ability to respond to growth factors. For
example, it has been shown that the extensive proliferation by a
fraction of DO11.10 RAG�/� cells could be blocked by cytotoxic T
lymphocyte-associated antigen 4 (CTLA-4)-Ig (18), although we
found no defect in homeostatic proliferation by DO11.10 CD28�/�

T cells (19). In any case, the distinctive signatures of all of the TCR
Tg T cells in the experiments reported here were identical in the
RAG�/� and TCR Tg RAG�/� recipients. Therefore, endogenous
CD4 T cell bystanders were completely ignored unless they had the
same TCR.

Despite the different latency periods before entering the first
cell cycle displayed by the different TCR Tg T cells, kinetics of
changes in CFSE profiles suggested that, in all cases, the
proliferative bursts were of short duration. This impression was
further confirmed by the following BrdUrd-labeling experiment
(Fig. 3). HA T cells were transferred on sequential days into
plain RAG�/� and DO11.10 RAG�/� recipients. BrdUrd was
administered i.p. a day before killing. BrdUrd incorporation was
maximal on day 3 after the adoptive transfer and declined
significantly over the next several days in both recipients (Fig. 3).
The total population of HA cells in the spleen stabilized at a
mere one percent of the resident DO11.10 T cell population after
completion of the proliferative burst. The final population size

was similarly small after transfer of DO11.10 T cells and SM-1
cells into plain RAG�/� mice or TCR Tg RAG�/� mice.
Furthermore, as reported previously (18, 20), we found that
transferring decreasing numbers of TCR Tg T cells increased the
extent of homeostatic proliferation (data not shown). The most
likely explanation for this result is that homeostatic proliferation
stops when peptide�MHC complexes become limiting. In con-
trast, the population size of resident T cells in the TCR Tg
RAG�/� is maintained at much higher levels because of con-
tinuous thymic output and potentially altered requirements for
peptide�MHC stimulation for survival versus expansion (21–25).

The pattern of relatively brief proliferative bursts and variable
periods of latency before initiation of proliferation seen with the
monoclonal TCR Tg populations contrasts with steady and
progressive proliferation seen with polyclonal CD4 T cells. In
fact, homeostatic proliferation of polyclonal CD4 T cells into T
cell-deficient animals results in complete reconstitution of CD4
T cell numbers (2, 26). Indeed, we observed this behavior with
the polyclonal CD4 T cells in our experiments and found similar
or better proliferation of polyclonal cells in TCR Tg RAG�/�

hosts as in plain RAG�/� hosts (data not shown). It is likely that
the polyclonal population is made up of T cells with a full range
of proliferative patterns; thus, the overall rate of homeostatic
proliferation seems relatively slow and steady because the pat-
terns of all individual T cells are averaged. In addition, the
polyclonal CD4 T cells are stimulated by much greater number
of peptide�MHC complexes and therefore their population can
reach much greater size.

DC Function Is Comparable in RAG-2�/� and TCR Tg RAG-2�/� Mice.
One possible difficulty in making comparisons between plain
RAG-2�/� and TCR Tg RAG-2�/� environments is potential
effects of bystander T cells on the antigen-presenting cell (APC)
function. One could envision that T cell–DC interactions may
improve the lymphoid architecture or promote DC function. It is
also possible that TCR Tg RAG�/� may be exposed to a greater
number of environmental antigens from the gut due to improved
maturation and sampling ability by the Peyer’s patches (27). How-
ever, we found little evidence that any of these considerations were
playing an important role in our system. Immunohistology of
RAG�/� and TCR Tg RAG�/� spleens showed well-organized
white pulp around central arterioles (data not shown). Myeloid
(CD8a�) and lymphoid (CD8a�) DCs were present in similar

Fig. 2. Naive CD4 T cells compete with each other for specific self peptide�MHC
complexes. (A) CFSE content of Thy1.2 HA RAG�/� CD4 T cells 7 days after transfer
into RAG�/�, DO11.10 RAG�/�, and Thy1.1 HA RAG�/� recipients, 2 � 106 per
mouse. (B) CFSE content of Thy1.2 SM-1 RAG�/� CD4 T cells 14 days after transfer
into RAG�/�, OT-II RAG�/�, and SM-2 RAG�/� recipients, 5 � 106 cells per mouse.
All recipients were Thy1.1 congenics. The results were identical in spleens and
lymph nodes. The data are representative of two independent experiments.

Fig. 3. Individual TCR Tg populations undergo a brief burst of homeostatic
proliferation in RAG�/� mice and ignore resident TCR Tg cells with a different
TCR. HA RAG�/� CD4 T cells, 5 � 106 cells per mouse, were transferred into
plain RAG�/� or DO11.10 RAG�/� recipients on different days before injection
with BrdUrd. All mice were killed 24 h after BrdUrd injection. BrdUrd content
in the HA RAG�/� CD4 T cells was measured by flow cytometry. Only 1–2% of
resident DO11.10 T cells incorporated BrdUrd. The data are representative of
three independent experiments.
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proportions in both kinds of mice and were distributed similarly
[lymphoid DCs located centrally and myeloid DCs peripherally with
respect to the central arterioles (28)]. Transferred T cells localized
in areas dominated by the lymphoid DCs in the TCR Tg RAG�/�

and RAG�/� mice. In addition, surface expression of class II MHC,
CD80, and CD86 molecules by myeloid and lymphoid DCs was
equivalent in normal BALB�c, RAG�/�, and TCR Tg RAG�/�

animals (data not shown).
Although we could not find an obvious phenotypic difference in

the DC compartments among the strains of mice used in our
experiments, we also tested whether T cells can sense a difference
in APC function toward cognate antigen in different hosts. We
focused on early T cell responses after antigen encounter such as
production of IL-2. DO11.10 RAG�/� T cells were transferred into
RAG�/�, HA RAG�/�, and BALB�c recipients. The next day, a
time point much earlier that the start of homeostatic proliferation
for DO11.10 cells, all recipients were given a bolus i.v. injection of

the ovalbumin peptide. We have shown previously that antigen-
specific T cells respond in total synchrony toward this type of
antigenic stimulation and that measurements of biochemical activ-
ity in the T cells can be conducted within minutes directly ex vivo
(16, 29). In fact, all three environments were essentially identical in
the amplitude and kinetics of cytokine production by antigen-
specific T cells (Fig. 4).

Homeostatic Proliferation of Naive CD4 T Cells in Sublethally Irradi-
ated Normal Mice Versus Unirradiated RAG�/� Mice. Our results
stand in apparent contradiction to previous work on homeostatic
proliferation that used sublethally irradiated mice as lym-
phopenic hosts. For example, it was found by Surh and coworkers
(5, 8) that cotransfer of large numbers of competitor naive T cells
does inhibit homeostatic proliferation of T cells with unrelated
TCR specificity. Therefore, we performed a similar experiment
by using CFSE-labeled HA or DO11.10 RAG�/� populations as
‘‘responders’’ and sublethally irradiated BALB�c mice as hosts
(Fig. 5A). Large numbers of purified BALB�c CD4 T cells or
DO11.10 or HA RAG�/� cells were used as competitors. The
most striking difference between using sublethally irradiated
normal mice and unirradiated RAG�/� mice is the considerably
lesser degree of homeostatic proliferation seen in the former
(Fig. 1 versus Fig. 5A). In an attempt to understand this result,
we tested several operational variables.

Sublethal irradiation of RAG�/� recipients resulted in sub-
stantial loss of APCs (data not shown), and slowed down initial
homeostatic proliferation of the HA T cells (Fig. 5B). Little
effect was observed on the normally slower DO11.10 T cells. By
week 3, the HA T cells divided more times in the irradiated
RAG�/� hosts. This, as shown below, was most likely due to the
limited ability of irradiated lymphoid organs to accommodate
transferred T cells, and the smaller starting population in the
irradiated hosts ultimately divided out more times.

Fig. 4. APCs present peptide antigen with comparable efficiency in normal,
RAG�/�, and TCR Tg RAG�/� mice. Ovalbumin peptide was injected into mice
that 1 day prior were transferred DO11.10 RAG�/� cells, 5 � 106 per mouse.
Spleens were removed 4 h after the peptide injection and fixed in 2%
formaldehyde. Heavy line histograms show intracellular staining of CD4�KJ1-
26� cells for IL-2. Shaded histograms show peptide uninjected controls. The
experiment is representative of at least five independent experiments.

Fig. 5. Homeostatic proliferation of naive CD4 T cells is greater in RAG�/� than irradiated normal recipients and cannot be inhibited by cotransferred nonspecific
T cells. (A) CFSE content of DO11.10 (Upper) or HA (Lower) RAG�/� CD4 T cells (5 � 106 per mouse), transferred into normal irradiated (600 cGy) BALB�c mice,
was followed over the indicated time course. The responder T cells were transferred alone or together with 50 � 106 competitors that were either polyclonal
BALB�c CD4 T cells or TCR Tg cells (HA T cells as competitors for DO11.10 responders, and DO11.10 T cells for HA responders). This is one of two representative
experiments. (B) Homeostatic proliferation of DO11.10 or HA T cells was measured in normal RAG�/� mice or irradiated (600 cGy) RAG�/� mice. (C) Large numbers
of competitor cells (50 � 106 per mouse) were cotransferred along with HA or DO11.10 responders into RAG�/� mice. CFSE content of HA cells was measured
on day 7 after transfer, and CFSE content of DO11.10 cells was measured on day 20 after transfer. The numbers shown in the upper right of each histogram
represent geometric mean fluorescence intensity. This is one of two representative experiments. (D) Varying numbers of DO11.10 T cells were transferred into
indicated recipients. The graphs show numbers of DO11.10 T cells recovered from spleens on days 2 or 7 after transfer.
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Cotransfers of large numbers of bystander TCR Tg RAG�/�

T cells had no effect on homeostatic proliferation of responders
in RAG�/� recipients, whereas cotransfers of normal polyclonal
CD4 T had a reproducible, but relatively trivial effect (Fig. 5C).
As previously reported, we did observe that cotransfers of
normal CD4 T cells inhibited homeostatic proliferation in the
sublethally irradiated normal mice (Fig. 5A). However, the
ability of TCR Tg RAG�/� bystander T cells to inhibit homeo-
static proliferation was more limited or nonexistent. It is impor-
tant to note that recipient mice have a limited ability to
accommodate transferred T cells (Fig. 5D). To test the ‘‘parking’’
efficiency in different hosts, we used DO11.10 RAG�/� T cells,
which begin homeostatic proliferation late. Initially, normal
BALB�c recipients contained the most transferred DO11.10
cells. However, unlike the irradiated BALB�c mice, normal
recipients lost the majority of transferred cells within a week.
Ultimately, sublethally irradiated normal mice could accommo-
date the most cells, which may provide at least a partial reason
for greater effects of cotransferred bystander T cells in suble-
thally irradiated as compared with RAG�/� mice. In fact,
previous studies (8) have shown that limited numbers of co-
transferred bystander T cells are ineffective at restraining ho-
meostatic expansion in sublethally irradiated mice.

There are multiple differences between lymphopenic envi-
ronments induced by RAG deficiency versus irradiation. There-
fore, a number of explanations that will be discussed below can
be offered to explain the lesser degree of homeostatic prolifer-
ation seen in the latter. However, our results suggest that self
ligands can be a limiting resource, even in the irradiation model
of lymphopenia, because polyclonal CD4 T cells were more
efficient in their ability to inhibit homeostatic proliferation of a
monoclonal TCR Tg population.

Discussion
One fundamental property of adaptive immunity is the ability to
respond to a large number of unknown and unpredictable
antigens. This task is achieved through maintenance of a large
population of lymphocytes expressing unique antigen receptors.
Continuous generation of new T cells in the thymus that can
replace senescent T cells in the periphery is one important
mechanism of maintaining T cell diversity. However, thymic
output declines with age, and supply of new T cells can become
limiting. Nevertheless, the total size of the T cell population is
well maintained throughout life even though the individual is
expected to experience multiple episodes of transient lymphope-
nia after various viral infections (30–33). Undoubtedly, the
ability of naive T cells to undergo homeostatic expansion is an
important mechanism that allows maintenance of T cell num-
bers. However, mere maintenance of T cell numbers is unlikely
to benefit the host unless it is accompanied by sufficient T cell
diversity.

Individual T cells vary greatly in their ability to undergo
homeostatic proliferation, which may be secondary to the di-
versity in relative abundance of different self peptide�MHC
complexes and their affinity for different TCRs. However, there
are potentially serious drawbacks to this system design. First,
TCR diversity will become limited if a few ‘‘best’’ T cell clones
take over the available T cell space. Second, because the best
competitors are likely those with highest affinity for self anti-
gens, there is further risk that these best T cell clones may cause
autoimmunity. The reality of both concerns is supported by
animal model and clinical data. Restriction of the TCR reper-
toire and oligoclonal T cell expansion is seen in neonatally
thymectomized mice (34), and in mice that possess a limited
TCR repertoire (35). Similar findings along with autoantibodies
are seen in myasthenia gravis patients within several years of
their thymectomy (36). Many animal models demonstrate emer-
gence of autoimmunity after repopulation of T cell-deficient

animals with naive T cells (37–39). Multiple human connective
tissue disorders are associated with lymphopenia (40–43). Au-
toimmunity can also accompany lymphopenia caused by HIV
infection (44, 45), and be triggered by highly active anti-
retroviral therapy (46).

Our results suggest that availability of particular self peptide�
MHC complexes capable of stimulating a subpopulation of T
cells can limit the size that subpopulation can achieve in the
course of homeostatic expansion. According to this model, the
naive T cell compartment may be subdivided into multiple
subcompartments defined by the specificity of their TCRs for
certain self ligands. Some subcompartments may be relatively
small and some may be large depending on the abundance of the
particular self peptide�MHC complexes. Furthermore, a partic-
ular TCR may be stimulated by several different self peptide�
MHC complexes, and conversely any given self peptide�MHC
complex may stimulate a number of different TCRs. In our
system, it is likely that HA and DO11.10, as well as OT-II and
SM-1 TCRs, recognize different sets of self peptide�MHC
complexes, and therefore do not have to compete with each
other.

We found no evidence that presence of large numbers of
resident TCR Tg T cells had any effect on homeostatic prolif-
eration unless they shared the self peptide�MHC specificity with
the responder T cells. Thus, resident T cells did not deliver direct
inhibitory signals, or consume some non-MHC factors provided
by APCs or stromal components of the lymphoid organs. This
result along with the greater extent of homeostatic proliferation
by CD4 T cells in RAG�/� hosts contrasts with experiments that
used irradiated normal recipient hosts and cotransferred T cell
competitors, where bystander T cells inhibit homeostatic pro-
liferation without any apparent competition for self peptide�
MHC (5, 8). Many differences exist between the models of
lymphopenia created by sublethal irradiation versus RAG
deficiency and could potentially account for this apparent
discrepancy.

First, in our experiments the relative numbers of T cells
attempting to undergo homeostatic proliferation was smaller in
the RAG�/� than in the irradiated normal mice. This result is
due to the number of transferred T cells that could be accom-
modated by the lymphoid tissues of RAG�/� mice was smaller,
and the starting population of T cells in the irradiated normal
mice consisted of transferred and residual resident T cells. It is
also likely that some critical factor(s) other than MHC may be
more limiting acutely after irradiation. For example, we did see
a significant reduction in the numbers of APCs. It is possible that
levels of essential growth and survival factors, such as IL-7, could
also become acutely decreased. Therefore, it is easily plausible
that these general non-MHC resources would be more limiting
in the sublethal irradiation model, especially with larger numbers
of bystander T cells that would have to compete for them, at least
initially. It is interesting to note that homeostatic proliferation
was somewhat delayed in the irradiated RAG�/� mice, and the
ability of bystander T cells to inhibit homeostatic proliferation of
polyclonal T cell responders was most convincingly shown to
occur at relatively early time points (5, 8).

Second, the balance among various cytokines is likely to be
different in irradiated and RAG�/� mice. Tissue damage
induced by ionizing radiation is associated with production of
various proinf lammatory cytokines (47). Certain proinf lam-
matory cytokines, such as IL-12, have been shown to enhance
homeostatic proliferation (48). However, irradiation has also
been shown to lead to induction and activation of transforming
growth factor (TGF)-� (49, 50), a pluripotent immunosup-
pressive cytokine with antiproliferative properties. TGF-� may
be directly released by the apoptotic cells (51), and it may be
produced along with other immunosuppressive molecules by
persisting APCs after ingestion of apoptotic bodies (52, 53).
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These acute changes in the cytokine balance may affect
homeostatic proliferation of T cells and provide another
explanation for the differences seen when compared with
RAG�/� hosts.

Regulatory cells might also be important in control of ho-
meostatic proliferation. The best-characterized naturally occur-
ring regulatory T cells are CD25�CD4 T cells (54–56). These
cells can prevent autoimmunity induced by naive polyclonal CD4
T cells after adoptive transfer into T cell-deficient hosts.
Whereas their regulatory mechanisms are still poorly under-
stood, it is formally possible that one of their roles is control of
homeostatic proliferation (26). Some regulatory cells may persist
after sublethal irradiation. In addition, it is possible that the
ability of large numbers of bystander T cells to inhibit homeo-
static proliferation is attributable to a small fraction of regula-
tory T cells that are also contained within the non-RAG�/� TCR
Tg CD4 T cell pool (57).

Our system has tested the ultimate limits of how the immune
system ensures some degree of TCR diversity among naive CD4
T cells in the absence of thymus. A RAG�/� mouse is a model
of lymphopenia where most general resources such as APCs,
stromal cells, and critical growth factors are relatively abundant,

and regulatory T cells are absent. In this model, self ligands
represent the most critically limiting resource. The emergence of
a restricted TCR repertoire in some of the clinical scenarios
described above suggests that these limits may also be tested in
clinical practice. The complexity and clinical significance of
various lymphopenic states are only beginning to be understood
and appreciated. So far, the most attention has been focused on
HIV-1 infection, where IL-7 levels increase proportionately to
the degree of T cell depletion (58–60), a situation that may be
similar to the RAG�/� model of lymphopenia. However, recon-
stitution of the immune system presents unique challenges in
many other clinical settings. The apparent ability of the immune
system to recover after different natural and therapeutic insults
suggests existence of multiple, perhaps imperfect, mechanisms
to ensure TCR diversity and self tolerance. These are certain to
continue be a focus of intense investigations.
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