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ABSTRACT After initial seeding by thymic emigrants,
homeostatic regulation of the T cell pool has been thought to
occur entirely within the periphery. Here we report that the
degree of thymic emigration directly affects the number and
the CD4/CDS8 ratio of peripheral T cells. We demonstrate that
the increase in T cell pool size caused by the engraftment of
2, 6, or 9 thymic lobes correlates almost exactly with the
number of emigrants exported from those grafts in the
previous 3 weeks, regardless of how long the graft has been in
place. The extent of the increase supports the concept of a
3-week period after thymic export in which emigrant T cells
are exempt from peripheral T cell homeostasis. This apparent
exclusion of recent thymic emigrants from the niche-based
regulation of peripheral T cell numbers ensures repertoire
turnover throughout adult life and provides the basis of a
direct and previously unrecognized role for the thymus in the
regulation of peripheral T cell homeostasis.

There is a consensus emerging that T cell numbers are
regulated through competition for a finite number of essential
survival factors (1-3). These factors, collectively termed
niches, are thought to provide stability in the T cell pool
through the removal of excess cells when all niches are
occupied and the proliferation and/or increased longevity of
peripheral T cells when niches are vacant. Although consistent
with the stable pool size of normal young animals, this
hypothesis is inconsistent with long-term changes to T cell
numbers caused by age (4, 5), disease (6—8), and experimental
manipulations (9-11). Many of these instances are also asso-
ciated with changes to the rate of thymic export and support
our earlier study (11) demonstrating a persistent role for the
thymus in peripheral T cell regulation.

Studies involving the reconstitution of lymphocyte-depleted
mice have shown that the number and CD4/CD8 ratio of T
cells can be restored through the peripheral expansion of
adoptively transferred cells, irrespective of the number or type
of T cells injected (3, 12-15). These reports imply that the
thymus has only a minor influence on the adult T cell pool,
simply acting as a source of new T cells to be subsequently
regulated within the periphery (16). However, it is not clear
whether reconstitution of a lymphocyte-deficient environment
is comparable to maintaining the diverse repertoire of normal
mice. Recent studies have demonstrated that expansion trig-
gered by lymphopenia is restricted to the activated/memory
pool, whereas generation of the naive T cell pool depends on
thymic export (13, 17, 18). This provided an explanation for the
gross overrepresentation of memory T cells in the T cell pool
after reconstitution (14, 19) and raised the important question
of whether the thymus responds to feedback from the periph-
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eral T cell pool to regulate naive T cell numbers (14). We tested
this and found that the number and CD4/CDS ratio of recent
thymic emigrants was independent of the number and CD4/
CD8 ratio of peripheral T cells (20). Furthermore, increasing
peripheral T cell levels with thymic transplants had no effect
on thymic export (11). Thus, although export from the thymus
is the only means by which naive T cell levels can be increased,
their release from the thymus is independent of the peripheral
T cell pool.

Based on these findings, changes to thymic export would be
expected to have a significant impact on the level of peripheral
T cells. On the other hand, the effects of age-related thymic
atrophy, thymectomy, or thymic grafting do not support an
absolute correlation between thymic export and T cell num-
bers. Our recent data suggest that the impact of the thymus on
T cell levels is caused and limited by a transient exemption of
recent thymic emigrants (RTE) from the survival require-
ments of niche-based homeostasis in the first 3 weeks postex-
port (11). Thymic emigrants would accumulate independently
of peripheral T cell levels, but become subject to normal
regulatory pressures after 3 weeks, thereby limiting the effect
of altered thymic export on cell numbers, but ensuring the
ongoing turnover of T cell specificities. This is consistent with
the magnitude of the increase in T cell pool size after thymic
grafting and the fall in numbers after thymectomy, both of
which are inconsistent with thymus-independent regulation of
the peripheral pool (11, 21).

We now report on the nature of changes to the T cell pool
caused by thymic grafting and contrast the changing compo-
sition of the thymic emigrant population to the relative sta-
bility of the overall pool. We confirm that the thymus influ-
ences the T cell pool throughout adult life and precisely define
the means by which emigrants modulate the number, CD4/
CD8 ratio, and longevity of peripheral T cells. Based on these
data, a more complete theory of homeostatic regulation is
proposed that incorporates an active role for thymic emigrants.

MATERIALS AND METHODS

Mice. C57BL/6J and Ly5 congenic mice were obtained from
Monash University and the Walter and Eliza Hall Institute
Central Animal Houses and housed under conventional con-
ditions.

Thymic Grafting. Thymic lobes were removed from new-
born pups and engrafted beneath the kidney capsule of 5- to
6-week-old female mice according to a previously described
technique (11).

Cell Suspensions. Mice were killed by CO, asphyxiation at
various time points after thymic grafting. Separate cell sus-
pensions were prepared from lymph nodes, spleen, thymus

Abbreviation: RTE, recent thymic emigrant(s).
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(both in situ and grafted), and blood by previously established
techniques. (11).

Antibodies and Flow Cytometry. For flow cytometric anal-
ysis, phycoerythrin (PE)-labeled anti-CD25, anti-CD69, and
anti-CD4; biotinylated anti-V 3, 4, 6, 8.1/8.2, 10, 11, and 12;
anti-CD8e; anti-CD44; FITC-labeled CD45.2 (Ly5.2); and
allophycocyanin (APC)-labeled anti-CD8 were purchased
from PharMingen). Biotinylated anti-CD4 and streptavidin-
tricolor conjugates were purchased from Caltag (South San
Francisco, CA). FITC Isomer 1 (for intrathymic injection) was
purchased from Becton Dickinson. Annexin V-Biotin (Phar-
Mingen) was used to detect cells undergoing apoptosis by
binding to phospholipid phosphatidylserine on the cell surface
(22). Cell suspensions were stained for analysis by
flow cytometry in V-bottom tubes (3 X 10° cells per test) by
using previously described techniques. Flow cytometry data
were collected by using a FACScalibur machine (Becton
Dickinson) and analyzed by using CELL QUEST software (Bec-
ton Dickinson).

FITC Labeling of Thymocytes. Details of this technique
were identical to those described elsewhere (23). Briefly,
animals were anesthetized and the chest was opened (or kidney
was exposed, in the case of grafted mice) to reveal the thymic
lobes. Each lobe was injected with approximately 10 ul of 350
pg/ml FITC (in PBS), which typically resulted in random
labeling of 30-60% of the thymocyte population (70-80% for
grafted thymuses). The wound was closed with a surgical
staple, and the mouse was warmed until fully recovered from
anesthesia. Mice were killed by CO, asphyxiation ~24hr
postinjection, with graft and lymphoid organs taken for anal-
ysis. Instruments were washed between removal of each organ,
and the FITC-injected thymus was always removed last to
avoid cross-contamination of samples.

Quantification of Emigrant Populations in Host Mice.
Emigrant cells were detected in two ways. For detection of
RTE, the lymphoid organs were removed approximately 24 hr
after intrathymic injection of FITC. After cell counts, samples
were stained with anti-CD4-PE and anti-CD8-Biotin (detected
with streptavidin-tricolor) or anti-CD8-APC for flow cyto-
metric analysis. Emigrant cells were identified as live-gated
FITC* cells that expressed either CD4 or CD8 (to omit
autofluorescing cells and doublets). The percentages of FITC*
CD4 and CDS cells among live-gated cells were summed to
provide the total emigrant percentage for lymph nodes and
spleen respectively. A similar procedure was used for quanti-
fying donor-derived T cells exported from grafted congenic
thymuses up to 16 weeks prior. In these cases, emigrant cells
were identified by expression of the Ly5.2 antigen.

Calculation of Peripheral T Cell Pool Size. The peripheral
pool was considered equal to the total number of spleen cells
plus twice the total of lymph node cells (pooled from mesen-
teric, inguinal, and axillary nodes) (15).

Statistical Analysis. Student’s unpaired ¢ tests were used to
compare two groups of normally distributed data. ANOVA
tests were used to compare three or more groups of normally
distributed data.

RESULTS

Overall T Cell Numbers Increase in Proportion to the
Number of Thymic Grafts. Mice grafted with two thymic lobes
contained an average 21 X 10° more peripheral T cells than
normal mice (30 mice tested; P =< 0.001, unpaired Student’s ¢
test) (Fig. 14). Further significant increases were observed for
mice engrafted with six and nine lobes (P = 0.0001, unpaired
Student’s ¢ test). The average increases for mice with six and
nine thymic grafts above nongrafted controls were 71 X 10°
and 111 X 10° cells, respectively. The 15, 50, and 77% increases
to T cell pool size resulting from engraftment of two, six, and
nine lobes, respectively, represent a direct correlation between
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FiG. 1. (A) Thymic grafting causes a significant increase in T cell
pool size proportional to the number of grafted lobes. The T cell pool
size of mice grafted with two, six, or nine thymic lobes was significantly
higher than those of normal mice (two lobes, P < 0.001; six or nine
lobes, P < 0.0001; unpaired Student’s ¢ test) and significantly different
from each other (P < .0001; ANOVA test). (B) The increase in T cell
pool size caused by thymic grafting is consistent with separate regu-
lation of thymic emigrants. Estimations of the extent of the increases
caused by thymic grafting based on the number of grafted lobes were
made by using a modified theory of peripheral T cell homeostasis. This
theory proposes that emigrant T cells survive outside the restrictions
of homeostatic regulation for up to 3 weeks postthymic export. The
resultant estimates closely matched the pool sizes of mice engrafted
with two, six, and nine thymic lobes.

the number of grafted thymic lobes and the resultant increase
in T cell numbers. Mice typically were grafted for 4-8 weeks
with no difference in pool size detected between mice in this
time range. Increases were stable and did not alter with time
(see Fig. 2), indicating there was no correlation between pool
size and the time of engraftment beyond the initial increase.
The increases were equivalent to those predicted by the
modified niche theory of homeostasis (see Discussion; also see
Fig. 1B).

T Cell Numbers Stabilize at a Level Determined by Thymic
Export. A comparison of the T cell pool sizes of mice grafted
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A Non-grafted; 14 weeks old.

B Non-grafted; 22 weeks old.

C Grafted for 8 weeks with 6 thymic lobes; 14 weeks old.
D Grafted for 16 weeks with 6 thymic lobes; 22 weeks old.

E Grafted for 16 weeks with 6 thymic lobes; non-grafted kidney removed
after 8 weeks; 22 weeks old.

F Grafted for 8 weeks with 6 thymic lobes; grafted kidney removed for
further 8 weeks; 22 weeks old.

F1G. 2. Changes in T cell pool size are the direct result of changed
thymic export rates. Six-week-old mice were grafted with six thymic
lobes, and CD4, CDS8, and overall T cell pool sizes were compared with
those of nongrafted controls after a further 8 or 16 weeks. Although
a significant difference was seen between grafted and nongrafted mice
(P < .0001, unpaired Student’s ¢ test), no difference was observed
between mice grafted for 8 or 16 weeks. A minimum of six mice were
used per group, with error bars representing 1 SD from the mean.
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with six thymic lobes for 8 or 16 weeks revealed a significant
increase of approximately 50% above control levels in both
groups (P = 0.0001, unpaired Student’s ¢ test). This indicated
that an increase in pool size occurred within 8 weeks of thymic
engraftment and was maintained without further increase.
Removal of the grafted lobes after 8§ weeks caused T cell
numbers to fall by 16 weeks to the level of nongrafted mice.
Removal of the contralateral (nongrafted) kidney alone
caused no reduction in cell numbers, excluding the possibility
that the decrease was due to surgical stress (Fig. 2).

The CD4/CD8 Ratio of Thymic Emigrants Decreases with
Time. The emigrant population from Ly5 congenic thymic
grafts was tracked for up to 16 weeks postthymic engraftment.
The CD4/CDS ratio of the emigrant population shifted pro-
gressively from ~3.5:1 to below 1:1 16 weeks postengraftment
(Fig. 3). The shift began within 1 week of export and reached
similar levels by 5 weeks in lymphocytes from the spleen,
lymph nodes, and blood, although initial levels fell most rapidly
among blood lymphocytes. One-day-old emigrants were de-
tected by using intrathymic FITC injection.

The CD4/CD8 Ratio of Peripheral T Cells Decreases with
Age. We compared the CD4/CDS8 ratio of 14-week- and
14-month-old mice and found an age-associated difference
that was consistent with data recently published by Barrat ez al.
(4). The shift was significant for both the spleen and lymph
nodes but greatest in the latter, where a 1.5:1 ratio was seen in
14-week-old mice compared with less than 1:1 in 14-month-old
mice (Fig. 4).

CD44 Expression Increases Slowly on Emigrant T Cell
Population. High CD44 levels were used in conjunction with
markers for CD4, CD8, and Ly5.2 to determine the memory
status of T cells. As reported previously (17, 24), RTE were
predominantly CD44' within 1 day of export. Progressively
more emigrant T cells expressed high levels of CD44 with time,
such that by week 16, approximately 35% were CD44" (Fig.
5A). Expression levels in the overall T cell population were
similar to those reported previously for young mice (4) (20%
for lymph node T cells and 25% for splenic T cells; data not
shown). Similar proportions of CD44M cells were observed
within CD4 and CD8 compartments at each time point (data
not shown).

T Cell Antigen Receptor B (TcRpB) Usage by Surviving
Emigrants Is Similar to the Overall T Cell Pool. To establish
whether changes within the emigrant T cell population might
be antigen-driven, the distribution of seven common TcR V3
chains (VB 3, 4, 6, 8.1/8.2, 10, 11, and 12) among emigrant
T cells was examined 3, 6, and 9 weeks postgrafting. At each
time point, the TcR VB heterogeneity of the surviving emi-
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F1G.3. The CD4/CDS8 ratio of an emigrant T cell population falls
with age. Donor-derived T cells from thymic grafts were detected in
Ly5.1 recipient mice by using anti-Ly5.2, anti-CD4, and anti-CDS.
Mean results from a minimum of five mice are indicated at each time
point, with separate analysis performed for spleen, lymph nodes, and
blood. Error bars represent 1 SD from the mean.
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F1G.4. The CD4/CD8 ratio of the overall T cell pool of young mice
(14 weeks) is significantly higher than that of aged mice (14 months).
Peripheral T cells from the spleen and lymph nodes of young and old,
nongrafted mice were labeled with anti-CD4 and anti-CDS8, and the
CD4/CD8 ratios were compared. Five mice were analyzed in each
group. Error bars represent 1 SD from the mean.

grants was virtually identical to that of the overall T cell pool
(Fig. 5B).

Absence of Overt Apoptosis Among T Cells of Thymic-
Grafted Mice. Annexin V binding (22) was used to determine
whether the increased number of T cells in grafted mice
resulted in increased levels of apoptosis. In the spleen, lymph
nodes, and blood of mice grafted for 6 weeks [when pool size
has increased and rate of emigrant cell loss appears to be
greatest (11)], the level of T cell apoptosis measured by
annexin V binding was similar for grafted and nongrafted mice
(Fig. 6). Furthermore, although overnight culture of thymo-
cytes (positive control) produced extensive apoptosis (annexin
V binding, ~43%), only low levels (<3%) were detected
among emigrant T cells and the total T cell population,
irrespective of their location and phenotype or derivation from
thymic-grafted or normal mice.

DISCUSSION

Although there is broad agreement that the numbers of T
lymphocytes in the peripheral pool are regulated, current
theories of homeostasis fail to account for changes in the T cell
subsets of thymic-grafted (11, 21), thymectomized [both adult
(25, 26) and neonatal (27)], and aged mice (4). These changes
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F1G. 5. (A) The increase in CD44hi cells among emigrant T cell
populations postexport is gradual and does not indicate repertoire
skewing. Donor-derived T cells from congenic thymic grafts were
detected in the spleen, lymph nodes, and blood of Ly5.1 recipient mice
by using anti-Ly5.2 in conjunction with anti-CD44, anti-CD4, and
anti-CD8. A represents the mean proportion of CD44hi-expressing
emigrant cells derived from recipient lymph nodes. Between 3 and 10
mice were assessed per group, with error bars representing 1 SD from
the mean. B shows the VB profile of T lymphocytes (a similar
distribution was observed for CD4 and CD8 subsets) derived from the
lymph nodes of a mouse grafted for 9 weeks. This profile is repre-
sentative of profiles from the spleen and lymph nodes from four
different mice grafted with two thymic lobes for between 3 and 9
weeks.
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Fic. 6. T cells from thymic-grafted mice are not enriched for
apoptotic cells. Lymphocytes from mice grafted with nine thymic lobes
for 6 weeks were isolated from spleen, lymph nodes, and blood and
stained with anti-Ly5.2, anti-CD4, and anti-CD8 mAbs and biotin-
ylated annexin V as an indicator of pending apoptosis. Thymocytes
cultured overnight were used as a positive control for annexin V
binding. Data are representative of profiles from four grafted and four
nongrafted mice.

suggest an important role for thymic emigrants in T cell
homeostasis, because the T cell pool of healthy, euthymic mice
is otherwise remarkably resistant to change. In this regard, we
have reported recently that thymic emigrants may be incor-
porated preferentially into the T cell pool for up to 3 weeks
postexport (11), which suggests a functional as well as pheno-
typic (19, 28, 29) distinction between resident T cell subsets
and RTE. The present study examines the role of thymic
emigrants in determining the number and CD4/CD8 ratio of
peripheral T cells and provides an explanation for many
instances in which peripheral T cell homeostasis appears to
have failed.

We previously reported a large increase in peripheral T cell
numbers after engraftment of nine thymic lobes (11). Al-
though it was possible that the sheer number of T cells
exported from these additional thymuses simply exceeded the
capacity of an otherwise effective homeostatic mechanism, the
present study clearly shows a significant increase in T cell
numbers occurring with two grafted thymic lobes. In this case,
the daily increase in T cell export represents less than 1% of
the total T cell pool and therefore is most unlikely to over-
whelm homeostasis, confirming that thymic export can influ-
ence T cell numbers.

Despite the influence of the thymus, it is important to stress
that the size of the T cell pool in adult thymectomized and
thymic-grafted mice is not grossly abnormal. This supports the
existence of peripheral homeostasis (2, 3, 12, 30-32), because
neither the rate nor the composition of thymic-exported cells
varies in response to changes in the peripheral T cell pool (11,
20). Theoretically, T cell numbers could be restricted by the
finite availability of signals similar to those required for naive
CD4 (33-35), CDS8 (18, 36), and memory (see refs. 37 and 38
for reviews) T cell survival. The increased T cell levels in
thymic-grafted mice, however, demonstrate that niche avail-
ability cannot be the only factor determining pool size.

One interpretation consistent with the data in this study is
that T cell numbers are regulated, not at a fixed level, but at
a level influenced by thymic export. We propose that the
“niche” theory of homeostasis applies to the vast majority of
peripheral T cells, but that newly exported T cells are not
immediately subject to the same homeostatic restrictions. This
would allow variations in thymic export to cause changes in
overall cell numbers, but, more importantly, to influence the
composition of the T cell pool. In normal circumstances,
variations in export would be minor, causing almost undetect-
able changes to T cell numbers, but the effect on pool size can
be demonstrated by using thymic grafts to increase the number
of RTE.

A clear indication of a functional distinction between
“young” thymic emigrants and older resident T cells is that
mice grafted with six thymic lobes for 16 weeks had T cell levels
identical to those of mice grafted for only 8 weeks. The cell

Proc. Natl. Acad. Sci. USA 96 (1999)

numbers were significantly (=50%) higher than in nongrafted
mice, but the increase did not equate to a simple accumulation
of additional exported cells. Based on previously established
rates of thymic emigration, each pair of grafted thymic lobes
exports ~1 X 106 cells to the periphery daily (11). Therefore,
mice grafted with six lobes receive ~168 X 10° additional cells
(3 X 10° per day) after 8 weeks and 336 X 10° cells after 16
weeks. Yet at both 8 and 16 weeks, the actual increase in T cell
numbers was only ~71 X 10°, equivalent to 3 weeks of exported
cells. When grafted thymuses were removed after 8 weeks, the
number of peripheral T cells returned to that of nongrafted
controls. This indicated that the number of T cells responsible
for the increase remained constant in mice grafted for 8 and
16 weeks, but were lost after graft removal.

Furthermore, assuming that the incorporation of thymic
emigrants for a minimum of 3 weeks (11) is responsible for the
increase in overall T cell numbers, the pool size of grafted mice
should increase only by the number of T cells exported from
the grafted thymus(es) in 3 weeks, irrespective of how long the
graft is in place. Consistent with this, the mean peripheral T
cell pool size of normal mice was 142 X 10° cells, whereas mice
with two grafted lobes had a mean pool size of 163 X 10° cells,
equal to the predicted increase of 21 X 10° cells (1 X 10° cells
exported daily X 21 days). Similarly, the T cell pools of mice
grafted with six or nine thymic lobes increased by an average
of 71 X 10%and 111 X 10° cells, respectively, correlating closely
with the predicted increases of 63 X 10°and 95 X 10° cells (Fig.
1B). In each case, the observed increase in T cell numbers was
equivalent to the number of emigrants exported in the previ-
ous 3 weeks, irrespective of the age of the graft or the total
number of cells exported.

The exemption of emigrant cells from niche-based ho-
meostasis, however, is not incongruous with the stable periph-
eral T cell numbers of normal, euthymic mice. These mice are
unlikely to experience the dramatic changes in thymic export
induced by thymic grafting, whereas T cell loss associated with
age-related thymic atrophy (5, 32, 39) is limited by the well
established capacity of memory T cells to proliferate in
lymphopenic environments (3, 14, 15, 30). Therefore, the
major benefit of incorporation of thymic emigrants to the host
is not the maintenance of overall cellularity, but in ensuring the
ongoing replenishment of the T cell repertoire through re-
placement of older clones likely to be redundant or autoreac-
tive (1).

In addition to T cell numbers, the CD4/CD8 ratio also has
been described as independently regulated from cell input (8,
15, 40), although age-associated falls in the ratio and a failure
to reestablish the normal ratio after selective depletion of
either subset have cast doubt on this conclusion (8, 9). Our data
indicate that the ratio is likely to reflect previously unidentified
changes occurring within the emigrant population. Long-term
tracking revealed that the CD4/CDS8 ratio of emigrant T cells
fell from greater than 3:1 at the time of export to less than 1:1,
16 weeks later. This shift appears to be due to a preferential
loss of CD4 cells rather than to the relative expansion of CD8
cells. Consistent with previous reports (11, 18, 19, 30, 41), most
emigrants remained CD44lo (indicative of a naive phenotype)
and the small proportion of CD44hi cells was distributed
equally between the CD4 and CDS subsets. The broad T cell
antigen receptor diversity of RTE also was maintained among
surviving CD4 and CD8 emigrants. Despite this, no evidence
of increased apoptosis was observed among CD4 T cells or
within thymic-grafted mice in general. We cannot discount the
possibility of migration to nonlymphoid tissue, but preliminary
examinations of peripheral tissue (e.g., liver) showed no evi-
dence of CD4 T cell accumulation (data not shown). Never-
theless, our observations provide an explanation for age-
associated shifts in the CD4/CDS8 ratio of normal mice. In
aged mice, the reduction in T cell export caused by age-
associated thymic atrophy reduces the displacement of resident



Immunology: Berzins et al.

T cells by emigrants, thereby increasing the average life span
of peripheral T cells. Based on our evidence from emigrant T
cells, this would result in the observed fall in the CD4/CD8
ratio that we and others have observed (4, 39, 42, 43).

Collectively, our results demonstrate that although emigrant
T cells may not be required to maintain a T cell pool of
relatively normal size, the thymus does exert a considerable,
ongoing influence over the composition of the repertoire. With
the increasing clinical significance of lymphocyte depletion
caused by disease (e.g., AIDS) or disease intervention (e.g.,
chemotherapy), it is important to understand precisely how
such a process may influence T cell pool reconstitution. This
study suggests, for instance, that increasing thymic mass during
the reconstitution of a lymphocyte-depleted T cell pool may
preserve repertoire diversity and reduce the potentially re-
dundant expansion of residual T cell clones to fill “space.”
Similarly, the retention or regeneration of thymic function may
reduce the homeostatic requirement to maintain cell numbers
in the elderly by T cell expansion that is often blamed for the
emergence of autoimmunity (1) and other forms of immune
dysfunction (5, 32). Although thymic grafting is unlikely to be
adopted as a therapy, many studies (5, 32, 44, 45) highlight the
potential for reversing age-related thymic atrophy by the
inhibition of sex steroids. The effects of this treatment during
T cell pool reconstitution presently are under investigation in
our laboratory.
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