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Abstract

 

We developed a novel experimental strategy to study T cell regeneration after bone marrow
transplantation. We assessed the fraction of competent precursors required to repopulate the
thymus and quantified the relationship between the size of the different T cell compartments
during T cell maturation in the thymus. The contribution of the thymus to the establishment
and maintenance of the peripheral T cell pools was also quantified. We found that the degree
of thymus restoration is determined by the availability of competent precursors and that the
number of double-positive thymus cells is not under homeostatic control. In contrast, the sizes
of the peripheral CD4 and CD8 T cell pools are largely independent of the number of precur-
sors and of the number of thymus cells. Peripheral “homeostatic” proliferation and increased
export and/or survival of recent thymus emigrants compensate for reduced T cell production
in the thymus. In spite of these reparatory processes, mice with a reduced number of mature T
cells in the thymus have an increased probability of peripheral T cell deficiency, mainly in the
naive compartment.
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Introduction

 

Regeneration of the immune system, in the adult, is one
of the major challenges of today’s cell therapy. T cell re-
generation from hematopoietic stem cell precursors
(HSCs)

 

*

 

 is required after HIV infection and after bone
marrow (BM) transplantation after aggressive cancer thera-
pies (1–3). It can also be used in other clinical applications,
such as gene therapy (4). In spite of major progresses in the
use of HSCs for T cell reconstitution, we still lack impor-
tant information. Contrary to other blood cell lineages de-
veloping from HSCs, T cell progenitors must first migrate
to the thymus to mature. In the adult, this may pose a
problem, as the thymus is atrophic and may no longer be
able to generate T cells (5). We do not know what frac-
tion of competent precursor cells is needed to restore
complete thymus function, or what are the quantitative as-
pects of the regeneration of the double-positive (DP) and
single-positive (SP) thymus compartments. The mecha-

nisms that determine the number of T lymphocytes in the
peripheral lymphoid system are also poorly understood. In
young adult mice there is a continuous seeding of the pe-
riphery by newly formed thymus migrants (6). Neverthe-
less, the number of peripheral T cells remains even (7).
This implies that either (a) the migrant cells are rapidly lost
without ever colonizing the periphery, or (b) there is a
continuous replacement of the peripheral cells by recent
thymus migrants. Most studies indicate that a part of the
peripheral T cell pool can be maintained independently of
thymus export, but do not allow a precise evaluation of
the role of thymus T cell production in physiological con-
ditions (8). We developed a novel strategy that allows (a) a
quantitative assessment of the fraction of competent pre-T
cell precursors required to restore thymus function and (b)
the evaluation of the contribution of the thymus to the
peripheral T cell pools.

 

Materials and Methods

 

Mice.

 

B6.Rag2

 

�

 

/

 

�

 

 (9), B6.CD3

 

�

 

�

 

/

 

�

 

 (10), B6.TCR

 

�

 

�

 

/

 

�

 

(11),
all Ly5

 

b

 

, and C57Bl/6.Ly5

 

a

 

 mice were obtained from the Centre
de Devélopment des Tecniques Avancées-Centre National de la
Recherche Scientifique (CDTA-CNRS; Orléans, France).
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Abbreviations used in this paper: 

 

BM, bone marrow; DN, double nega-
tive; DP, double positive; HSC, hematopoietic stem cell precursor; Rag,
recombination activating gene; SP, single positive.
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BM Chimeras.

 

Host 8-wk-old recombination activating gene
(Rag)2

 

�

 

/

 

�

 

B6 mice were lethally irradiated (900 rad) with a 

 

137

 

Ce
source and received intravenously 2 to 4 

 

�

 

 10

 

6

 

 T cell–depleted
BM cells from different donor mice, mixed at different ratios. T
cell depletion was done by 2–3 passages in a Dynal MPC6 or Au-
toMacs (Miltenyi Biotec) magnetic sorter after incubating the
BM cells with anti-CD4, anti-CD8, and anti-CD3 biotinylated
antibodies followed by anti–rat IgG1 or Streptavidin-coated
Dynabeads. Purity was tested by flow cytometry and the injected
BM cells were found to contain 

 

�

 

0.1% T mature cells. By using
donor and host mice who differ according to Ly5 allotype mark-
ers, we were able to discriminate between the T cells originating
from the different donors. 10 to 20 wk after reconstitution mice
were killed and BM, thymus, spleen, and LN cells suspensions
were prepared as described (12). The total number of peripheral
T cells represents the number of T cells in the spleen added to
twice the number of T cells present in the mesenteric and in-
guinal LNs to account for the total LN mass.

 

Thymus Cell Export.

 

Mice were anesthetized, the upper chest
opened, and the thymus lobes exposed. One thymus lobe was in-
jected with 10 

 

�

 

l of FITC (1 mg/ml) which resulted in the label-
ing of 

 

�

 

50–70% of all thymocytes (6). Mice were killed 24 h
later and the recent thymus emigrants present in the spleen and
LNs were identified by flow cytometry as live FITC

 

�

 

 cells ex-
pressing Ly5

 

a

 

, CD3, and CD4 or CD8.

 

Flow Cytometry Analysis.

 

The following monoclonal anti-
bodies were used: anti-CD8

 

�

 

 (53–6.7), anti-CD3

 

�

 

 (145–2C11),
anti-CD4 (L3T4/RM4–5), anti-CD25 (PC61), anti-CD45RB,
anti-CD24/HSA (M1/69) from BD PharMingen, and anti-
CD44 (IM781), anti-CD62L (MEL14) from Caltag. Cell surface
four color staining was performed with the appropriate combina-
tions of FITC, PE, TRI-Color, PerCP, biotin, and allophycocy-
anin (APC)-coupled antibodies. Biotin-coupled antibodies were
secondary labeled with APC-, TRI-Color- (Caltag), or PerCP-
coupled (Becton Dickinson) streptavidin. Dead cells were ex-
cluded during analysis according to their light-scattering charac-
teristics. All acquisitions and data analyses were performed with a
FACSCalibur™ (Becton Dickinson) interfaced to the Macintosh
CELLQuest™ software.

 

Mathematical Analysis.

 

The relationship between the number
of competent T cells (or thymus cells) 

 

T

 

 in a given compartment
and the number of competent cells 

 

N

 

 in a previous compartment
was modeled by the following differential equation:

 

, (1)

 

where 

 

s

 

 denotes the rate at which cells transit from the N com-
partment into the 

 

T

 

 compartment, 

 

m

 

 represents the rate at which
T cells exit from the 

 

T

 

 compartment due to mortality or differen-
tiation into the next compartment, and 

 

p

 

 represents a homeostatic
regulation term. As all compartments had reached steady-state
levels at the times at which the mice were killed (similar T cell
recoveries were obtained 8–20 wk after BM reconstitution), the
experimental data were fitted to the steady-state level corre-
sponding to Eq. 1: 

 

T 

 

	

 

 sN/m 

 

�

 

 p/m

 

. The homeostatic regula-
tion term was included only if it significantly (

 

� 	

 

 0.005) im-
proved the fit to the data; in all other cases the data were fitted to
the line 

 

T 

 

	

 

 sN/m

 

. The optimal fits of the steady-state functions
to the experimental data were determined using a generalized
Gauss-Newton method to minimize the sum of the squared re-
siduals (SSRs) between the logarithms of the data and the model.
The logarithmic transformation was made because the experi-
mental errors were likely to be proportional to the cell numbers
measured. Note, however, that the model that was fitted (see
above) is linear.

dT dt⁄ sN p mT–+=

 

Results and Discussion

 

Thymus Regeneration.

 

Thymus regeneration can be
readily obtained by the injection of a very limited number
of HSC precursor cells (13). The injected self-renewing
pluripotential HSCs divide and completely restore the pre-
cursor cell pools in the BM and in the thymus. During
clinical BM transplantation, however, newly injected com-
petent precursors may be diluted among the host’s incom-
petent cells. The quantitative relationship between the frac-
tion of competent precursor cells able to colonize the
thymus and the regeneration of DP and SP thymus cell
compartments has never been studied in these conditions.
Here, we evaluated the regeneration of the thymus by a
limited fraction of competent precursor cells. Lethally irra-
diated lymphopenic B6.Rag2

 

�

 

/

 

�

 

 mice were reconstituted
with T cell–depleted BM cells from normal B6.Ly5

 

a

 

 donors
alone or from normal B6.Ly5

 

a

 

 and T cell–deficient B6.Ly5

 

b

 

mice mixed at several ratios. This strategy should reduce
the number of competent precursors available for thymus
colonization and regeneration, as normal Ly5

 

a

 

 competent
precursor cells are diluted among Ly5

 

b

 

 incompetent pre-
cursors from the mutant donors (14, 15). 2 to 5 mo after
BM reconstitution, when all T cell compartments had
reached steady-state levels, we counted the number of cells
from each donor type in the CD3

 

�

 

CD4

 

�

 

CD8

 

�

 

 (double-
negative [DN]), CD4

 

�

 

CD8

 

�

 

 (DP), and mature CD4

 

�

 

CD8

 

�

 

/CD4

 

�

 

CD8

 

�

 

 (SP) compartments. We used three
types of T cell–deficient BM donors: TCR

 

�

 

�

 

/

 

�

 

 mice with
a block of T cell differentiation at the DP to SP transition,
which have normal numbers of DP cells, but lack mature
SP T cells (11), and CD3

 

�

 

�

 

/

 

�

 

 or Rag2

 

�

 

/

 

�

 

 mice with an
earlier block of T cell differentiation at the DN to DP tran-
sition, which lack DP cells (9, 10). Studying thymus regen-
eration in the chimeras obtained with BM cells from these
different mutants allows comparing the restoration of the
DP and SP thymus compartments from a limited number
of competent DN precursors. This could be done in the
absence or in the presence of incompetent DP cells, i.e., in
CD3

 

�

 

�

 

/

 

�

 

 or Rag2

 

�

 

/

 

�

 

 and in TCR

 

�

 

�

 

/

 

�

 

 mixed chimeras,
respectively.

We found that the number of competent DP cells was
proportional to the number of competent DN cells (15),
i.e., a twofold lower number of competent DN cells re-
sulted in a twofold reduction in the number of competent
DP cells (Fig. 1, A and B). This proportionality was ob-
served both in B6.Ly5

 

b

 

TCR

 

�

 

�

 

/

 

�

 

/B6.Ly5

 

a

 

 chimeras (Fig. 1
A) whose TCR

 

�

 

�

 

/

 

�

 

 precursors can generate incompetent
DP cells and in B6.Ly5

 

b

 

CD3

 

�

 

�

 

/

 

�

 

/B6.Ly5

 

a

 

 (Fig. 1 B) or
B6.Ly5

 

b

 

Rag2

 

�

 

/

 

�

 

/B6.Ly5

 

a

 

 chimeras (not shown), which
both lack incompetent DP cells. Thus, limiting numbers of
DP precursor cells do not accumulate and restore the thy-
mus DP compartment even in the absence of competitor
incompetent DP cells. These findings indicate that, when
the number of precursors is fewer than normal, the total
number of DP cells is not regulated by homeostatic control
mechanisms, i.e., there is no increase in the rate of division
or survival of DP cells in mice with small DP compart-
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ments. In steady-state conditions, the number of compe-
tent DP cells was roughly 40-fold higher than the number
of competent cells in the DN compartment; i.e., 

 

�

 

10

 

6

 

 DN
cells originated 

 

�

 

40 

 

�

 

 10

 

6

 

 DP cells. Interestingly, in mice

with a very low number of competent DN cells (

 

�

 

10

 

5

 

, i.e.,

 

�

 

5% of normal) the number of competent DP cells was
lower than expected from the otherwise proportional rela-
tionship between DN and DP cells (Fig. 1, A and B). This

Figure 1. Thymus regeneration. Lethally irradiated Rag2�/� mice were reconstituted with BM cells from normal B6.Ly5a alone or diluted among in-
competent BM cells from either B6.Ly5bTCR��/� (A, C, and E) or B6.Ly5bCD3��/� (B, D, and F) donors. 8 to 20 wk after reconstitution the chimeras
were killed and the number of competent Ly5a cells was evaluated in the different thymus cell compartments. For each chimera (�), the relationship be-
tween the number of competent cells in the CD3�CD4�CD8� (DN), CD4�CD8� (DP) compartments is shown in A and B, between the DP and the
SPCD4 compartments in C and D, and in the DP and the SPCD8 compartments in E and F. The curves show the relationships between DN, DP,
SPCD4, and SPCD8 cells as predicted by the mathematical model (see Mathematical Analysis). All datasets were fitted twice: once including all data
points (thin lines), and once excluding the mice with very low DN (�105) or DP (�106) cell numbers (thick lines). In A and B, both of the fits could not
be significantly improved by adding a homeostatic term. Moreover, both fits predicted a too high number of competent DP cells in mice with very few
competent DN cells, suggesting that an additional mechanism (not included in the model) is involved. The model we used was sufficient, however, to
conclude that in mice with at least 5% of the normal number of competent DN cells, the number of competent cells in the DP compartment was propor-
tional to the size of the DN compartment (see thick lines). Likewise, in C–F we found a proportionality between the numbers of competent DP cells and
SP cells (see thick lines) in all mice except the ones with very low numbers of competent DP cells (�106). The addition of a small homeostatic term only
helped to describe the relatively high SP cells numbers in the latter mice (see thin lines), while it did not improve the fits between the model and the data
from all other mice. Except in very poorly reconstituted mice, the size of each thymus compartment is thus proportional to the size of the compartment
that precedes it. The parameter values (see Mathematical Analysis) that gave the best fits to the data are: s/m 	 (A) 35, (B) 47, (C) 0.14, (D) 0.17, (E)
0.06, (F) 0.04 (thick lines), and p/m 	 (C) 0.01, (D) 0.03, (E) 0.005, and (F) 0.04 (thin lines).
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may result from a limiting dilution effect due to the low
frequency of competent precursors of which only 5/9 will
make a productive TCR
 rearrangement and proceed in
the T cell differentiation pathway. Alternatively, this could
be due to a more efficient DP to SP transition at low cell
numbers, which would cause depletion of the DP com-
partment (see below) (16). In conclusion, these findings in-
dicate that in normal mice the number of competent DN
precursor cells available strictly determines the number of
DP cells.

In the thymus of the T cell–deficient/normal mixed BM
chimeras the number of TCRhighSPCD4 (Fig. 1, C and D)
or TCRhighSPCD8 cells (Fig. 1, E and F) was proportional
to the number of competent DP cells. A twofold lower
number of competent DP cells gave rise to a twofold lower
number of TCRhigh mature SP cells recovered from the
thymus. The number of CD4 and CD8 cells in the SP
compartment were �15 and 5% of the number of compe-
tent DP cells, respectively, i.e., a DP compartment consist-
ing of 107 cells gave rise to a SP compartment with 1.5 �
106 SPCD4 cells and 5 � 105 SPCD8 cells. At very low
numbers of competent DP cells (�106) the number of SP
cells was always higher than expected (see thick lines in
Fig. 1). The data could therefore best be described by in-
cluding a very small homeostatic term (see Mathematical
Analysis). This increases the predicted number of SP cells
in mice with very low numbers of competent DP cells, but
does not affect the predicted number of SP cells in all other
mice (see the thin lines in Fig. 1, C–F). One interpretation
is that there is an increased efficiency of the DP to SP tran-
sition in poorly reconstituted mice (16), probably reflecting
the higher stromal cell to thymocyte cell ratio. This expla-
nation would be consistent with the relatively small num-
ber of DP cells found in mice with few competent DN
cells. However, in mice with low numbers of thymus cells
we could expect that the probability of generating the cor-
rect TCR is lower, decreasing the chances of positive se-
lection. Alternatively, a homeostatic compensation mecha-
nism may induce the proliferation or prolonged survival of
the rare SP cells. Finally, reentry of mature peripheral T
cells, which is negligible in normal conditions (�0.1% of
PBL), may also contribute to biases the number of SP cells
in the chimeras with low thymus cell numbers. In conclu-
sion, these results indicate that in the range of 5–100% of
the normal number of thymus cells the sizes of the DP and
SP cellular compartments are fully determined by the input
of competent DN cells. When the fraction of competent
thymus cells is below 5% of normal there is a less efficient
DN to DP transition and/or a more efficient generation of
mature SP T cells.

Peripheral T Cell Pool Restoration. We showed that by
decreasing the fraction of competent cells in the trans-
planted BM we were able to proportionally reduce the
number of mature SP thymus cells. The experimental strat-
egy employed thus allows for a quantitative correlation be-
tween T cell production in the thymus and the number of
peripheral T cells. The relative contribution of the thymus
to the maintenance of the peripheral T cell pool has been

investigated either after thymus ablation (17) or by increas-
ing the thymus mass with multiple ectopic transplants (18),
procedures that strongly deviate from physiological condi-
tions. Thymectomy in neonatal and adult mice results in a
permanently reduced size of the peripheral T cell pool. In
both cases, however, a significant number of T cells persist
in absence of the thymus (19). Engraftment of multiple
thymus lobes increases the functional thymus mass and the
number of recent thymus emigrants. The peripheral T cell
pool size, however, does not increase proportionally to the
overall increase in thymus mass (20, 21).

To evaluate the impact of reduced thymus mature T cell
numbers on the size of the peripheral T cell pool we first
examined whether a reduction in the number of SP cells
matched with a reduced rate of thymus cell output. It was
previously shown that the fraction of recent thymus emi-
grants is constant at �1–2% of thymocytes/day, indepen-
dently of the number of thymus lobes and of an increase in
the number of peripheral T cells (6, 22, 23). Thymus ex-
port in adult mice with diminished thymus T cell produc-
tion and peripheral pools, however, has never been studied.

Table I. Thymic Export in Mice with Reduced Thymus Function

Recent thymus migrants
(�104)a

Fraction of competent
C57Bl6 Ly5a BM cells
injected CD4� CD8�

100% 9.6 3.9
9.0 2.6
8.6 4.9
8.0 3.0
6.5 2.5
4.1 2.0
4.9 2.7

10% 3.2 1.1
2.2 0.5
1.2 0.4
1.8 1.4
1.4 0.8
3.8 1.3
2.3 0.9

Thymus cell export varies according to the fraction of competent
precursor cells. Rag2�/�B6 mice were lethally irradiated and
reconstituted with BM cells from normal B6.Ly5a donors alone (100%)
or from normal B6.Ly5a (10%) and T cell–deficient B6.TCR��/�Ly5b

(90%) mice. In these chimeras, the number of SP cells was proportional
to the fraction of competent BM cells injected. Thymus export was
evaluated 24 h after intrathymus injection of FITC.
aThe number of recent thymus migrants was identified in the spleen
and LN of the chimeras by flow cytometry as live FITC� cells express-
ing both CD4 (or CD8) and CD3.
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We found here that, in chimeras with low numbers of SP
cells, the sum of recent thymus emigrants (RTEs) in the
peripheral lymphoid tissues was lower than in mice with
normal numbers of SP cells. The relative thymus output in
chimeras with low numbers of SP cells was, however, 3.2–
3.4-fold higher than in control chimeras (Table I). Thus,
the accessibility to thymus exit may be easier in the pres-
ence of reduced numbers of SP cells. Alternatively, RTEs
may survive longer because of reduced competition in the
periphery (24). These results indicate that the “efficiency”
of thymus cell export increases with low numbers of thy-
mus cells, but is insufficient to compensate for the reduced
production of mature thymus cells. In conclusion, by using
the mixed T cell–deficient/normal BM chimeras strategy
we can reduce in a controlled fashion the production of
mature SP T cells in the thymus and thereby the seeding of
the peripheral tissues by thymus emigrants. Thus, this strat-
egy indeed allows a quantitative assessment of the contribu-
tion of the thymus to the establishment and maintenance of
the peripheral T cell pools.

We studied the total number of peripheral CD8 and
CD4 T cells in mice with reduced thymus T cell produc-

tion and export. In contrast to what we reported in the
thymus, we found that the total number of CD4 and CD8
cells in the periphery was not proportional to the number
of cells in the previous progenitor compartment, i.e., thy-
mus SPCD4 (Fig. 2 A) and SPCD8 cells (Fig. 2 A). In most
chimeras with reduced numbers of thymus SP cells the sizes
of the peripheral T cell compartments were similar to those
in the chimeras with normal numbers of thymus SP cells.
Mathematical analysis of the data suggests that a compensa-
tory homeostatic mechanism be involved, even in mice
with a nearly normal thymus output. We estimate that in
mice in which only 1% of the normal numbers of SPCD4
cells and SPCD8 cells were present, the peripheral CD4
and CD8 compartments still contained 25 and 12.5% of the
normal, respectively. Thus, in the presence of reduced thy-
mus output, T cell survival and/or proliferation are favored
(8, 14, 25) as to attain normal peripheral T cell numbers. In
concordance, we found that the lower was the number of
peripheral CD8� or CD4� T cells, the higher was the frac-
tion of activated CD4�CD45RBlow (Fig. 2 C) and
CD8�CD44� (Fig. 2 D) T cells. These findings demon-
strate that the numbers of peripheral CD4 and CD8 T cells

Figure 2. Restoration of the total peripheral T cell pools. Panel A shows the relationship between the number of peripheral Ly5a CD4 T cells
(SPL�LN) and the number of competent Ly5a SPCD4 cells in the thymus of each individual B6.Ly5a/B6.Ly5bTCR��/� or B6.Ly5a/B6.CD3��/�Ly5b

chimera. (B) The same but for CD8 T cells. The data were fitted to the steady-state level corresponding to Eq. 1 including the homeostatic term (dashed
lines), as this significantly improved the fits to the data, even if mice with very low SP numbers (�105) were not taken into account (not shown). Param-
eter results are: s/m 	 (A) 1.5, (B) 2.8, and p / m 	 (A) 8.0, (B) 2.1. Panel C shows the percentage of activated/memory CD45RBlowCD4� T cells as a
function of the total number of peripheral CD4 T cells, while D shows the percentage of activated/memory CD44�CD8� cells as a function of the total
number of peripheral CD8 T cells. The lines in C and D are linear regression lines with r 	 �0.6 in both cases.
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are only partly determined by the rates of thymus cell pro-
duction and export. In summary, these results show that
chimeras with reduced numbers of SP thymocytes can have
normal peripheral T cell numbers, suggesting that in nor-
mal mice thymus T cell production exceeds the quantita-
tive requirements to replenish the number of T cells in the
peripheral pool. Chimeras with very low numbers of SP
thymus cells do, however, have an increased probability of

not being able to fully reconstitute the CD4 and the CD8
peripheral compartments.

Previous observations have lead to the definition of two
cellular compartments in the peripheral T cell pool, with
independent homeostatic regulation (26). There is a pool
of naive T cells which is dependent on thymus T cell pro-
duction comprising all recent thymus emigrants (21) and a
pool of activated/memory T cells capable of persisting in

Figure 3. Restoration of the naive and activated/memory T cell pools. Panel A shows the relationship between the number of SPCD4 cells and the
number of peripheral naive CD45RBhighCD4� T cells. (B) The relationship between the number of SPCD8 and the number of peripheral naive
CD44�CD8� T cells. (C) The relationship between the number of SPCD4 and the number of peripheral activated/memory CD45RBlowCD4� T cells.
(D) The relationship between the number of SPCD8 and the number of peripheral activated/memory CD44�CD8� T cells in all B6.Ly5a/
B6.Ly5bTCR��/� and B6.Ly5a/B6.Ly5bCD3��/� chimeras. The data were fitted to the steady-state level corresponding to Eq. 1 including the homeo-
static term, as this significantly improved the fits to the data, even if mice with very low SP numbers (�105) were excluded (not shown). Parameter re-
sults are: s/m 	 (A) 2.0, (B) 2.6, (C) 0.5, (D) 0.5, and p / m 	 (A) 2.2, (B) 0.5, (C) 5.0, (D) 1.2. E and F show the fold reductions in the total, naive
(CD45RBhighCD44�) and activated/memory (CD45RBlowCD44�) CD4 (E) and CD8 (F) peripheral compartments resulting from a 100-fold reduction
(compared with fully reconstituted mice) in the thymus SPCD4 and SPCD8 compartments, respectively.
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absence of thymus output (27). We define a naive T cell as
a cell that does not express activation markers, i.e., in B6
mice, CD4 T cells that are CD45RBhigh, and CD8 T cells
that are CD44�. We compared the effects of a reduced
thymus output on the establishment of the naive (CD4�

CD45RBhigh and CD8�CD44�; Fig. 3, A and B) and the
memory/activated (CD4�CD45RBlow and CD8�CD44�;
Fig. 3, C and D) peripheral T cell compartments. We
found that the numbers of both naive and memory/acti-
vated T cells were not proportional to the number of thy-
mus SP mature T cells. Upon a 100-fold reduction in the
SP thymus cells, i.e., in mice with 1% of the normal num-
ber, there was a threefold reduction of the activated/mem-
ory cells, while the naive CD4 and CD8 compartments de-
creased 12- and 23-fold, respectively (Fig. 3, E and F).
These results suggest the existence of a hierarchical organi-
zation that favors the replenishment of the activated/mem-
ory T cell pool in lymphopenic mice, as described previ-
ously for B cells (28). The size of the memory/activated
compartment is thus indeed less dependent on thymus ex-
port than the size of the naive T cell pool. Still, the mice
with very low thymus T cell production had an increased
probability of not being able to fully reconstitute the pe-
ripheral memory/activated pools. Additionally, the diver-
sity of the TCR repertoire in mice with very low T cell
production was impaired. We studied the TCR V
 chain
expression by peripheral T cells in chimeras reconstituted
with 100 or 1% competent BM cells. We found that while
the patterns of V
 chain usage in chimeras with normal

thymus output were identical (Fig. 4 A), in mice with low
thymus output they were unique in each individual mouse
(Fig. 4 B). These findings suggest that in the presence of
low thymus output the homeostatic proliferation of a few
rare T cells lead to the establishment of an oligoclonal T
cell repertoire (29). This may also explain the shift of pe-
ripheral T cell repertoires observed during aging, after thy-
mus atrophy and reduced T cell production (5).

Concluding Remarks. We developed a novel experi-
mental strategy to study T cell regeneration in mice with
a limited fraction of competent precursor cells. The re-
sults obtained have major implications to the understand-
ing of thymus regeneration after BM transplantation (1).
We directly demonstrated that complete regeneration of
the thymus DP and SP compartments is strictly deter-
mined by the availability of a sufficient fraction of com-
petent DN precursors. This is due to the lack of compen-
satory homeostatic mechanisms that could increase the
proliferation or survival of DP and SP thymus cells. Only
when the number of thymus DN cell precursors is less
than 5% of normal, reparatory mechanisms increase the
efficiency of generation of mature SP T cells. These pro-
cesses are nevertheless insufficient to overcome the defi-
cit in precursor cell numbers. Our results suggest that
complete thymus regeneration requires the complete
elimination of incompetent precursor cells to prevent di-
lution of competent precursors and consequently the re-
duction of the fraction of competent DN cells present in
the thymus.

Figure 4. V
 TCR reper-
toires in chimeras with normal
and low T cell numbers. Repre-
sentation of the different V

TCR families by the spleen T
cells of different BM chimeras.
Mice were reconstituted with ei-
ther 100% BM cells from normal
B6.Ly5a mice (A) or with a mix-
ture of 1% BM cells from normal
B6.Ly5a mice and 99% BM cells
from T cell–deficient B6.Ly5a/
B6.Ly5bTCR��/� donors (B).
Each bar represents the percent-
age of CD3�CD4� T cells ex-
pressing each V
 family in indi-
vidual mice as assessed by flow
cytometry. Similar results were
obtained with CD3�CD8�

spleen T cells. Note that al-
though the representation of
each V
 family is identical in all
mice reconstituted with 100%
BM cells from normal donors, it
shows individual variations in
mice reconstituted with a limited
fraction of competent BM cells.
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These results also shed light on the mechanisms of pe-
ripheral T cell restoration after tri-therapy of HIV infected
individuals (30–32). By studying the peripheral T cell pools
in mice with reduced thymus function we show that the
size of the total peripheral T cell pool is regulated largely
independently of thymus output. At the periphery, several
compensatory mechanisms operate to bypass the reduced
production of mature T cells in the thymus. We show, for
the first time, that in mice with smaller thymus SP cell
numbers and peripheral T cell pools the efficiency of thy-
mus cell export improves. More importantly, homeostasis
induces preferential activation of rare naive T cells and pro-
liferation in the memory/activated pool. In spite of all these
redeeming processes, insufficient production of mature T
cells resulted in an increased probability of peripheral T cell
deficiency, mainly in the naive compartment. Proliferation
of peripheral T cells in lymphopenic mice (“homeostatic”
proliferation) was previously described either in thymecto-
mized mice during T cell recovery following T cell elimi-
nation (12) or following the fate of T cells adoptively trans-
ferred into T cell deficient hosts (33–39). Here we used a
different approach to study peripheral T cell restoration
that allowed us to establish a direct quantitative relationship
between thymus function and peripheral T cell numbers.
In summary, our studies demonstrate that complete periph-
eral T cell recovery requires a minimally functional thy-
mus, which can only be ensured with a minimal number of
competent DN precursors. Thus, the incomplete periph-
eral T cell restoration that is observed in most HIV patients
after tri-therapy may reflect thymus compromise, which
should be taken in consideration in the development of
new therapeutic approaches (2, 3, 40).

Finally, these results also bear interest on the mechanisms
of immune deficiency developing with aging. We found
that mice with �1% of the normal number of thymus SP
cells have reduced numbers of naive T cells and develop
oligoclonal repertoires, a situation that mimics the evolu-
tion of the immune system in aged individuals.
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