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Activation of Thymic Regeneration in Mice and Humans
following Androgen Blockade

Jayne S. Sutherland,1* Gabrielle L. Goldberg,2* Maree V. Hammett,2* Adam P. Uldrich,3*
Stuart P. Berzins,† Tracy S. Heng,2* Bruce R. Blazar,‡ Jeremy L. Millar,§ Mark A. Malin,2*
Ann P. Chidgey,2* and Richard L. Boyd2*

The thymus undergoes age-related atrophy, coincident with increased circulating sex steroids from puberty. The impact of thymic
atrophy is most profound in clinical conditions that cause a severe loss in peripheral T cells with the ability to regenerate adequate
numbers of naive CD4� T cells indirectly correlating with patient age. The present study demonstrates that androgen ablation
results in the complete regeneration of the aged male mouse thymus, restoration of peripheral T cell phenotype and function and
enhanced thymus regeneration following bone marrow transplantation. Importantly, this technique is also applicable to humans,
with analysis of elderly males undergoing sex steroid ablation therapy for prostatic carcinoma, demonstrating an increase in
circulating T cell numbers, particularly naive (TREC�) T cells. Collectively these studies represent a fundamentally new approach
to treating immunodeficiency states in humans. The Journal of Immunology, 2005, 175: 2741–2753.

T he thymus is critical for establishing and maintaining the
peripheral T cell pool. It does so in the young by export-
ing precisely controlled levels of naive CD4� and CD8�

T cells, termed recent thymic emigrants (RTE)4 (1). This results in
a diverse peripheral TCR repertoire, essential for an effective im-
mune response against a broad range of invading pathogens. Par-
adoxically, however, the thymus undergoes progressive decline in
its structure and function with age, coinciding with an increase in
circulating sex steroid levels from puberty (2, 3). Indeed, the sup-
pressive influence of sex steroids on the thymus is so profound,
that surgical or chemical (via luteinizing hormone-releasing hor-
mone (LHRH) analogues) castration can reverse thymus atrophy in
both males and females (4, 5), while the readministration of sex
steroids inhibits this thymus regeneration (6, 7). The direct con-
sequence of age-associated thymic atrophy is a reduction in the
export of naive T cells (1, 8) and a homeostatic compensatory
increase in the memory T cell population resulting in detrimental
changes within the peripheral T cell pool. Specifically, T cell-
dependent Ab formation (9), the generation of allospecific cyto-
lytic T cells (10), and T cell responses to mitogen or Ag stimula-

tion (11) are all decreased with age. Due to the complex symbiosis
that exists between the thymic epithelium and developing thymo-
cytes (12), the precise mechanism(s) underlying thymus atrophy
are still unclear. Defects with age have been seen at the level of the
bone marrow (BM) hemopoietic stem cells (HSC) (13–15), the
intrathymic T cell progenitors (16), and the thymic epithelium (17,
18). The kinetics of these defects are difficult to determine; thus,
any method of thymic regeneration must consider all these factors.

Although the loss of thymic function with age does not imme-
diately translate to major clinical problems, the implications of
defective thymopoiesis become paramount when regeneration of
the peripheral T cell pool is required following destruction of the
immune system in many clinical settings. The most precise tech-
nique to date for analysis of thymic function in humans is through
measurement of TCR excision circles (TRECs) in the peripheral
blood. Although persistent thymus function is evident with age
(19, 20), there is a profound decrease in TREC levels (thymic
output) (21). Not surprisingly adults, who display only low levels
of thymic export (8), show a marked delay in peripheral T cell pool
regeneration and a far greater incidence of opportunistic infections
compared with their younger counterparts whose thymus may be
as much as 10 times more effective (22). In addition, there is a
strong inverse correlation between age and the recovery of phe-
notypically naive T cells and TREC levels following chemother-
apy and BM transplantation (BMT) and reduction of viral load in
HIV� patients (21–24). Thus, a mechanism that would enhance
thymus regeneration in immunosuppressed and/or aged individuals
would be of significant clinical value.

A recent study demonstrated an increase in T cell levels and
responses following androgen deprivation in young mice (25). In
the present study, we show complete restoration of the very old
(18–24 mo) mouse thymic structure (both epithelial and lympho-
cytic) and function with castration, resulting in normalization of T
cell defects in the peripheral lymphoid organs. This enhanced thy-
mus function was not limited to the aged but was also induced in
young adult mice (3 mo), which had undergone BMT following
either surgical or chemical castration. Importantly, this involved
increased levels of Lin�Sca-1�c-kit� (LSK) in the BM and their
intrathymic conversion into dendritic cells (DC) and T cells as
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occurs normally. We have also attempted to determine the mech-
anism of the profound effect of androgen withdrawal. Interestingly,
while sex steroid ablation resulted in major changes within the
thymic microenvironment, molecular profiling indicated no signif-
icant changes in IL-7, TGF-�, and fibroblast growth factor (Fgf)7
mRNA within total thymic stroma; all of which have been shown
to modulate thymic growth in other systems.

We have also shown this treatment is applicable to elderly hu-
mans, with analysis of the peripheral blood of prostate cancer
patients undergoing sex steroid ablation therapy, demonstrating a
significant increase in T cell numbers. Reactivation of the thymic-
dependent T cell pathway in these patients was demonstrated by an
increase in naive CD4�TREC� cells by 4 mo of LHRH agonist
(LHRH-A) treatment.

Materials and Methods
Surgical castration

Mice were anesthetized and a small scrotal incision made to reveal the
testes. These were sutured and removed along with surrounding fatty tis-
sue. The wound was closed using surgical staples. Sham-castration fol-
lowed the above procedure without removal of the testes and was used as
controls for all studies.

Chemical castration

Mice were injected i.m. with a 3-mo depot preparation of LHRH-A at a
dose of either 0.4 or 1.2 mg 2 wk before BMT. Control mice were injected
with PBS.

BM reconstitution

For surgical castration experiments, recipient mice (3- to 4-mo-old C57BL/
6J) were subjected to 5.5 Gy irradiation twice over a 3-h interval. One hour
following the second irradiation dose, mice were injected i.v. with 5 � 106

donor BM cells. BM was obtained by passing RPMI 1640 through the
tibias and femurs of donor (2-mo-old congenic C57BL/6J Ly5.1�) mice.
For chemical castration experiments, an allogeneic model was used.
C57BL/6J recipients (6–8 wk) were subjected to 9 Gy of irradiation. Do-
nor BM was obtained from BALB/c mice, pan-T cell-depleted and 107

cells administered via i.v. injection.

HSV-1 immunization

Following anesthetic, mice were injected in the foot-hock with 4 � 105

PFU of HSV-1 in sterile PBS. Analysis of the draining (popliteal) lymph
nodes was performed on D5 postinfection.

BrdU incorporation

Mice received two i.p. injections of BrdU (Sigma-Aldrich) at a dose of 100
mg/kg body weight in 100 �l of PBS, 4 h apart. Control mice received
vehicle alone injections.

Analysis of RTE

FITC labeling of thymocytes was performed as described previously (8).
Quantification of RTE populations and daily export rates were performed
as described previously (1).

Flow cytometry

Predominantly, cells were labeled with anti-��TCR-FITC, anti-CD4-PE,
and anti-CD8-allophycocyanin. For RTE analysis, cells were labeled with
CD44-biotin, CD4-PE, and CD8-PerCP. For HSV-1 studies, popliteal
lymph node cells were stained for anti-CD25-PE, anti-CD8-APC, and anti-
V�10-biotin. For detection of DC, a FcR block was used before staining
for CD45.1-FITC, I-Ab-PE, and CD11c-biotin. For detection of LSK, BM
cells were gated on Lin� cells by collectively staining with anti-CD3,
-CD4, -CD8, -Gr-1, -B220, and -Mac-1 (all conjugated to FITC). LSK
were detected by staining with CD117-APC and Sca-1-PE. For triple neg-
ative (TN) thymocyte analysis, cells were gated on the Lin� population and
detected by staining with CD44-biotin, CD25-PE, and c-kit-APC. For
BrdU analysis, cells were surface labeled with anti-CD4-PE and anti-CD8-
APC followed by fixation in 1% paraformaldehyde (PFA). Washed cells
were incubated in 500 �l of DNase (100 Kunitz units) (Roche) for 30 min
at 37°C. Finally, cells were incubated with anti-BrdU-FITC (BD Bio-
sciences) for 30 min at room temperature, washed, and resuspended for

FACS analysis. For BrdU analysis of TN subsets, cells were collectively
gated out on Lin� cells in allophycocyanin, followed by detection for
CD44-biotin and CD25-PE before BrdU detection. For analysis of apopto-
sis, thymocytes were stained for CD4-PE, CD8-allophycocyanin, ��TCR-
FITC, and Annexin V-biotin. Positive controls were cells cultured over-
night (37°C, 5% CO2) either alone or in combination with Con A. All
biotinylated Abs were detected with streptavidin-PerCP, except for CD44-
biotin used in RTE analysis, which was detected with streptavidin-allo-
phycocyanin. All Abs were obtained from BD Pharmingen.

Immunofluorescence

Frozen sections (4–10 �m) were cut using a Tissue-Tek II cryostat (Miles
Scientific). For analysis of mouse thymic stromal (MTS) Abs, sections
were labeled with MTS6, MTS15, MTS16, and MTS24. All primary Abs
were developed in this laboratory. Abs were detected with anti-rat-FITC
(QXF; Sigma-Aldrich). For BrdU detection, sections were fixed in 100%
acetone and surface labeled with anti-cytokeratin (DakoCytomation), fol-
lowed by detection with anti-ratCy3 (Molecular Probes). Sections were
then incubated for 30 min in 70% ethanol, followed by an additional 30
min in 4 M HCl. Neutralization was performed using 1 M sodium borate
buffer (Sigma-Aldrich) for 5 min, followed by two washes in PBS. A final
incubation with anti-BrdU-FITC was then performed for 30 min at room
temperature.

Molecular analysis of thymic tissue

Preparation of thymic tissue. Nine- to 12-mo-old C57BL/6J mice were
surgically castrated or sham castrated (n � 10) and thymii were removed
at days 1, 2, 4, 7, or 10 postsurgery. For stromal cell preparations, thymii
were digested as described previously (26). Briefly, they were enzymati-
cally digested in 0.125% (w/v) collagenase D (Roche Applied Sciences) or
trypsin (Sigma-Aldrich) in the case of the final fraction and 0.1% (w/v)
DNase (Roche Applied Sciences) in RPMI 1640. To isolate the stromal cell
population, cells were incubated with CD45 microbeads and depleted of
CD45� cells using an autoMACS (Miltenyi Biotec). For thymocyte sus-
pensions, cells were isolated by gently teasing out cells into RPMI 1640.

Total RNA was isolated using Tri-Reagent (Molecular Research Cen-
ter), according to the manufacturer’s instructions.
Semiquantitative and quantitative PCR analysis. Total RNA from
CD45� thymic stromal cells and thymocytes was reverse transcribed using
Superscript II reverse transcriptase (Invitrogen Life Technologies), accord-
ing to the manufacturer’s protocol. For semiquantitative RT-PCR, cDNA
in three serial dilutions were PCR amplified for 33 and 35 cycles with PCR
Master Mix (Promega). PCR cycling conditions for Fgf7 and FgfR2IIIB
primers were 94°C for 40 s, 60°C for 40 s, 72°C for 40 s, followed by a
72°C, 5-min extension. PCR products were quantified with LabWorks soft-
ware. Real-time quantitative PCR was performed on a Corbett Rotor-Gene
3000 (Corbett Research) using heat-activated SYBR Green Supermix (In-
vitrogen Life Technologies). After an initial hold of 2 min at 94°C, the
samples were cycled at 94°C for 30s, 56°C for 30s, 72°C for 90 s, followed
by a 72°C, 5-min extension.

All cDNA templates were standardized for hypoxanthine phosphoribo-
syltransferase (HPRT) expression to correct for variations in RNA con-
centration. The primer sequences (GeneWorks) used were as follows:
HPRT, forward, 5�-CACAGGACTAGAACACCTGC-3�, and reverse, 5�-
GCTGGTGAAAAGGACCTCT-3�; IL-7, forward, 5�-TATTCTAGAAT
GTTCCATGTTTCTTTTAGA-3�, and reverse, 5�-CTTTTTCTGTTC
CTTTA-3�; Fgf7, forward, 5�-GCCTTGTCACGACCTGTTTC-3�, and
reverse, 5�-AGTTCACACTCGTAGCCGTTTG-3�; TGF-�1, forward, 5�-
CTACTGCTTCAGCTCCACAG-3�, and reverse, 5� TGCACTTGCAG
GAGCGCAC 3�; IL7R�, forward, 5�-TTACTTCAAAGGCTTCTGGAG-
3�, and reverse, 5�-CTGGCTTCAACGCCTTTCACCTCA-3�; FgfR2IIIb,
forward, 5�-TGCCGCCAACACTGTGAAGTTC-3�, and reverse, 5�-
TCAACGACATCCAGGTGGTAGG-3�; and TGF�RII, forward, 5�-ACT
TGACCTGTTGCCTGTGTGAC-3�, and reverse, 5�-CTGGCTTCA
ACGCCTTTCACCTCA-3�.
T lymphocyte stimulation assay. For TCR-specific stimulation, spleen
cells were incubated for 48 h on plates previously coated with purified
anti-CD3 (1–10 �g/ml) alone or costimulated with anti-CD28 (10 �g/ml)
(BD Pharmingen). Following plaque formation (48–72 h), 1 �Ci of
[3H]thymidine was added to each well, and plates were incubated for an
additional 16–24 h. Plates were harvested onto filter mats, and incorpora-
tion of [3H]thymidine was determined using liquid scintillation on a beta
counter (Packard-Coulter). All samples had similar proportion/number of
total T cells (as assessed by flow cytometry).
Cytotoxicity assay of lymph node cells. Lymph node cells were incubated
for 3 days at 37°C, 6.5% CO2. Specificity was determined using a non-
transfected cell line (EL4) pulsed with gB498-505 peptide and EL4 cells
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alone as a control. A starting E:T ratio of 30:1 was used. The plates were
incubated at 37°C, 6.5% CO2 for 4 h and then centrifuged 650gmax for 5
min. Supernatant (100 �l) was harvested from each well and transferred
into glass fermentation tubes for measurement by a Packard Cobra auto-
gamma counter.

Human studies

Patients. Sixteen patients with clinical tumor-node-metastasis stage I–III
prostate cancer were chosen for analysis. All subjects were males aged
between 60 and 77 years who underwent standard combined androgen
blockade based on LHRH-A treatment before localized radiation therapy
for prostate cancer. Ethics approval was obtained from The Alfred Hospital
Committee for Ethical Research on Humans (trial number 106/99).
FACS analysis. The appropriate Ab mixture (20 �l) was added to 200 �l
of whole blood and incubated in the dark at room temperature for 30 min.
For removal of RBC, 2 ml of FACS lysis buffer (BD Biosciences) was then
added to each tube, vortexed, and incubated for 10 min at room temperature
in the dark. Samples were centrifuged at 600gmax; supernatant was removed,
and cells washed twice in PBS/FCS/Az. Finally, cells were resuspended in 1%
PFA for FACS analysis. Samples were stained with Abs to CD19-FITC, CD4-
FITC, CD8-APC, CD27-FITC, CD45RA-PE, CD45RO-CyChrome, CD62L-
FITC, and CD56-PE (all from BD Pharmingen).
Ki-67 Ag analysis. For detection of proliferating cells, samples were sur-
face stained with CD27-FITC, CD45RO-CyChrome, and CD4� or CD8-
allophycocyanin (BD Pharmingen). Following red cell lysis, samples were
incubated for 20 min at room temperature in the dark in 500 �l of FACS
permeabilizing solution (BD Biosciences). Washed samples (2 ml of FACS
buffer, 5 min, 600gmax, room temperature) were incubated with anti-
Ki67-PE (or the appropriate isotype control) (BD Pharmingen) for 30 min
at room temperature in the dark. Samples were then washed and resus-
pended in 1% PFA for analysis.

TREC analysis

Cell sorting. PBMC were incubated with anti-CD4-FITC and anti-CD8-
allophycocyanin for 30 min on ice, washed (2 ml of FACS buffer), and
fixed by the dropwise addition of 1 ml of 3% formalin in PBS (with agi-
tation). Samples were incubated for an additional 30 min, washed, and
resuspended in 500 �l of FACS buffer for sorting. Cells were sorted into
CD4� and CD8� populations on a MoFLO (DakoCytomation).
DNA isolation. Cells were sorted directly into PCR grade 0.5-ml Eppen-
dorf tubes, centrifuged (8 min, 2500gmax), and resuspended in proteinase K
(Boehringer Mannheim) digestion buffer (2 � 105 cells/20 �l of a 0.8
mg/ml solution). Samples were incubated for 1 h at 56°C, followed by 10
min at 95°C to inactivate the proteinase.
Real-time PCR using molecular beacons. Real-time PCR for analysis of
TREC content in sorted cells was performed as described previously (27).
Each 50-�l reaction contained 5 �l of DNA, and the final concentration of
each component was as follows: 1� Taqman buffer A, 3.5 mM MgCl2,
0.4pmol/�l of each primer, and 1.25 U of AmpliTaq Gold DNA polymer-
ase. The primers were sense, 5�-GGATGGAAAACACAGTGTGACA
TGG-3�, and antisense, 5�-CTGTCAACAAAGGTGATGCCACATCC-3�.
One cycle of denaturation (95°C for 10 min) was performed, followed by
45 cycles of amplification (94°C for 30 s, 60°C for 30 s, and 72°C for 30 s).
To normalize for cell equivalents in the input DNA, a separate real-time
PCR assay was used to quantify the CCR5-coding sequence, which con-
tains no pseudogenes. TREC frequency (expressed as TREC per 105 cells)
was used to calculate the total number of TREC in a given population by
multiplying by the number of cells (�105 CD4� or CD8�) per ml blood.
Where possible, analysis was performed in duplicate (dependent on cell
number).
Statistical analysis. Statistical analysis was performed using Instat II soft-
ware. For mouse studies, a Mann-Whitney U test was performed. For hu-
man studies, each patient acted as an internal control by comparing pre-
and posttreatment results and were analyzed using paired Student’s t tests
or Wilcoxon signed rank tests.

Results
The aged thymus contains all stromal and T cell subsets but has
limited functional capacity

Analysis of the thymic macro- and microenvironments revealed
distinct changes with age: the aged (24 mo) thymus was markedly
smaller in size compared with the young adult (2 mo) thymus (Fig.
1a). Furthermore, there was a severe disruption to the thymic

microenvironment, predominantly a collapse of the cortical epi-
thelium with loss of a distinct corticomedullary junction (Fig. 1b).
However, the aged mouse thymus was clearly capable of thymo-
poiesis, with all the major CD4, CD8, and ��TCR-defined (data
not shown) T cell subsets in similar proportions to the young adult
thymus (Fig. 1c).

Further analysis of the thymic microenvironment revealed a de-
creased expression of MHC class II (detected by mAb, MTS6; Fig.
1d) with age. Conversely, the aged (2 year) thymus showed en-
hanced expression of mAb MTS15 (26), identifying fibroblasts
associated with the vasculature and also of extracellular matrix
(ECM) proteins (detected by mAb, MTS16). In addition, expres-
sion of MTS24, which detects a subset of thymic epithelium con-
taining progenitor capacity for the thymic microenvironment (28),
was also proportionally enhanced with age (Fig. 1d).

Castration completely reverses thymic atrophy and restores
thymic architecture

Following surgical castration of aged mice, a rapid regeneration of
the thymus was evident both at the gross morphological (Fig. 1a)
and histological levels (Fig. 1b). Interestingly, despite the dramatic
changes occurring postcastration, proportions of the major thymo-
cyte subsets remained constant at all time points analyzed, indi-
cating a synchronous expansion (Fig. 1c). Associated with this was
a normalization of the thymic microenvironment into clearly de-
fined cortical and medullary regions (Fig. 1b). The enhanced ex-
pression of MTS15 and MTS16 with age was even more striking
at 2 wk postcastration together with a profound increase in expres-
sion of MHC class II (Fig. 1d). These were all returned to young
adult levels by 4 wk postcastration (data not shown). These find-
ings are consistent with the overall reactivation of the thymus. By
2 wk postcastration, expression of MTS24 on thymic epithelium
was similar to that seen in young mice (Fig. 1d), with scattered
medullary patches as opposed to distinct aggregates seen in the
aged thymus.

Castration fully normalizes thymocyte differentiation,
proliferation, and levels of apoptosis

The aged thymus had �5% cellularity of the young adult ( p �
0.01 at 1 year and p � 0.001 at 2 years (Fig. 2a)). Furthermore,
while the proportion of proliferating thymocytes remained con-
stant at �15–20% of total thymus cellularity at 2 years of age (Fig.
2b), their number was markedly reduced ( p � 0.001) (Fig. 2c).
The rejuvenation of thymopoiesis occurred rapidly following sur-
gical castration of aged (�2 years) mice such that by 2 wk, thymus
cellularity was restored to young adult (2 mo) levels (Fig. 2a).

In young mice, proliferation of thymocytes was abundant (Fig.
2c) and predominated within the cortical areas (Fig. 2d). Thymo-
cyte proliferation was not only greatly reduced numerically in aged
mice (Fig. 2c), but the areas of proliferation were harder to discern
due to the disruption of the microenvironment (Fig. 2d). By 2 wk
postcastration, thymocyte proliferation was comparable to young
mice numerically (Fig. 2c) and again localized mainly to the cor-
tical regions (Fig. 2d), which is consistent with reorganization of
the epithelium. Although the overall proportion of BrdU� thy-
mocytes remained constant with age and postcastration (Fig. 2b),
a significant reduction was observed within distinct subsets
with age; predominantly within the most immature TN
(��TCR�CD4�CD8�) and the CD4�CD8� and CD4�CD8�

subsets (both ��TCR� and ��TCRlow) (Fig. 2e; p � 0.05 for
TN and ��TCRlowCD4� or CD8� and p � 0.001 for
��TCR�CD4�CD8�). These were all significantly increased pro-
portionally as early as 1 wk postcastration ( p � 0.05) and returned
to young adult levels by 2 wk postcastration (Fig. 2e).
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Together with the defects in thymocyte proliferation observed
with age, analysis of apoptosis (assessed by Annexin V staining)
demonstrated an increase with age (Fig. 2f), particularly within the
immature, ��TCR�/low subsets ( p � 0.05 for double positive;
data not shown). The proportion of Annexin V� cells returned to
young adult levels postcastration (Fig. 2f).

Castration rapidly restores proliferation and differentiation
within the earliest TN thymocyte subsets

Subdivision of TN cells in aged mice by expression of CD44 and
CD25 (Fig. 3a) revealed a proportional accumulation of TN1
(CD44�CD25�) cells ( p � 0.001; Fig. 3, a and b). Consequently,
while the cellularity of all TN subsets was significantly reduced
with age ( p � 0.001 for TN2–TN4), this was not as evident within
the TN1 subset ( p � 0.05; Fig. 3c). The proportion and number of
all TN subsets was restored to young adult levels by 1 wk post-
castration (Fig. 3, b and c). Interestingly, a significant reduction in
the proportion of c-kit� cells within both the TN1 (CD44�CD25�;
data not shown) and TN2 (CD44�CD25�) subsets was seen with
age ( p � 0.01; Fig. 3, d and e). This observed reduction in c-kit
expression has implications for thymocyte development with age
because the interaction between c-kit and stem cell factor produced
by thymic epithelial cells is required for the proliferation and
maintenance of TN cells (29). Analysis of TN thymocyte prolif-
eration also revealed a significant decrease in BrdU� cells within
the TN1 subset with age ( p � 0.001; Fig. 3f). All of these age-
related alterations in the TN subsets were returned to young adult
levels by 1 wk postcastration (Fig. 3, b, c, and f), indicating a rapid

effect of sex steroid blockade on the earliest stages of thymopoi-
esis. Importantly, c-kit expression was up-regulated on the TN1
and TN2 subsets following castration (Fig. 3, a and d), coinciding
with a significant increase in proliferation of this population ( p �

0.05; Fig. 3f).

Molecular analysis of castration-induced thymic reactivation

A key question in this study was the identity of the molecular
changes underlying the reversal of thymic atrophy. From the lit-
erature, IL-7, TGF-�, and Fgf7 would be likely candidates (30–
32). CD45� thymic stromal cells (incorporating epithelial cells,
fibroblasts, and endothelial cells) and whole thymocytes were pu-
rified from sham-castrated or castrated mice (9 mo old). Whole
stroma was deliberately used due to the production of certain fac-
tors by nonepithelium, e.g., Fgf7 by thymic fibroblasts. RT-PCR
analysis was performed on equilibrated stromal cell cDNA tem-
plates using primers for IL-7, Fgf7, and TGF-�1 and on equili-
brated thymocyte cDNA for IL-7R, FgfR2IIIb, and TGF-�RII
primers (data not shown). Semiquantitative RT-PCR (Fig. 4a) and
real-time PCR (Fig. 4b) analyses were repeated on at least two
separate occasions using different templates (each template con-
sisted of pooled thymii from 10 mice). No consistent change was
observed over all time points in any of the genes analyzed (both
stroma (Fig. 4) and thymocytes (data not shown)), although incon-
sistent fluctuations in IL-7 and TGF-� were observed at day 2
postcastration (Fig. 4b). This conclusion was also consistent with

FIGURE 1. All major stromal cell subsets are fully
restored postcastration (post-cx). a, Gross morphology
of the thymus demonstrating the extent of thymus atro-
phy with age and regeneration by 2 wk post-cx. Images
were taken at the same magnification. b, Immunofluo-
rescence staining of frozen thymus sections showing an-
ticytokeratin (pan-epithelium; red) and MTS10 (medul-
la; green/yellow). In the 2-mo thymus, there is a distinct
cortex and medulla and well-defined corticomedulla
junction (CMJ). With age, there is disruption of the ep-
ithelium and an indistinct CMJ. By 2 wk of post-cx,
the medulla and cortical areas are indistinguishable from
the young adult (2 mo) thymus. Scale � 50 �m. c, Rep-
resentative FACS profiles of CD4/CD8 staining in the
thymus. Proportions are given in each quadrant for dou-
ble-negative, double-positive, CD4, and CD8 cells.
There was no difference in the proportion of the major
thymocyte subsets with age or post-cx. d, Immunofluo-
rescence staining of frozen thymus sections showing
MTS6 (detecting MHCII), MTS15 (detecting fibroblasts
associated with the vasculature), MTS16 (detecting
ECM), and MTS24 (detecting primordial epithelium).
The aged thymus shows a reduction in MTS6 expression
and an increase in MTS15, MTS16, and MTS24 expres-
sion. At 2 wk of post-cx, MTS6, MTS15, and MTS16
were all enhanced in expression while MTS24 expres-
sion was comparable to the young adult (2 mo) thymus.
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results found from Affymetrix gene chip analyses of thymic stro-
mal cells postcastration prepared at the same time points (data not
shown).

Castration enhances LSK numbers and thymic recovery
following BMT

Although sex steroid action on thymic epithelium is required for
the induction of thymic atrophy (17), HSC from aged animals are
both quantitatively (13) and qualitatively (14) different from those
in younger animals. Sex steroids have also been shown to be di-
rectly inhibitory on the BM stroma causing a reduction in IL-7 and
subsequent B cell production (33–36). The effects on the TN1

subset with age and the rapid rejuvenation of this subset following
castration that we observed, prompted us to assess the contribution
of HSC to thymic regeneration in a congenic mouse model of
BMT. In mice (3–4 mo old) surgically castrated 3 days before
reconstitution, there was a significant increase in numbers of LSK
(Lin�c-kit�sca-1�, Fig. 5a) in the BM at 2 wk post-BMT com-
pared with sham-castrated mice ( p � 0.05; Fig. 5b). In addition,
total thymus cellularity was significantly increased in castrated
mice at both 2 and 4 wk post-BMT ( p � 0.05 and p � 0.01,
respectively) compared with sham-castrated mice (Fig. 5, c and d).
Although residual thymopoiesis was still occurring in the sham-
castrated mice (because they were still relatively young), this was

FIGURE 2. Castration increases proliferation and reduces apoptosis, thus fully restoring thymus cellularity. a, Aged mice showed a significant reduction
in thymus cellularity. By 2 wk postcastration (post-cx), thymocyte numbers were restored to young adult (2 mo) levels. b, No change in the percentage of
BrdU� (proliferating) cells was seen with age or post-cx, remaining constant at �15–20% of total thymocytes. c, However, the number of proliferating
cells reflected the atrophy of the thymus with age; by 2 wk post-cx, these were similar to the young adult (2 mo) thymus. Results are expressed as mean �
1SD of 8–12 mice/group. ��, p � 0.01; ���, p � 0.001 compared with young adult (2 mo) and 2–6 wk post-cx mice. d, Immunofluorescence staining of
frozen thymus sections showing anticytokeratin (pan-epithelium; red and anti-BrdU (proliferating cells; green)). In the 2-mo thymus, proliferating cells are
predominant in the cortex (c), with low levels of BrdU� cells evident in the medulla (m). With age, the level of proliferation is reduced and is indistin-
guishable between medulla and cortex. By 2 wk post-cx, intense proliferation is seen within the cortex, which is consistent with the increase in proliferating
immature cells as seen by FACS. Scale � 50 �m. e, The proportion of BrdU� cells within the TN and CD8 subsets were significantly decreased with age
while a significant increase in the proliferation of CD3�CD4�CD8� immature single-positive (CD8ISP) and mature CD3�CD4�CD8� single-positive cells
was seen at 1 wk post-cx. Each bar represents the mean � 1 SD of four to eight mice. �, p � 0.05; ���, p � 0.001 compared with 2-mo-old mice. ˆ, p �

0.01 compared with post-cx mice. f, Representative FACS profiles of Annexin V vs ��TCR for detection of apoptotic cells. The aged thymus showed an
increase in proportion of apoptotic cells, occurring mainly within the immature (��TCR�/low) subsets. This was normalized post-cx. Cultured thymocytes
(O/N at 37°C) were used as a positive control.
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FIGURE 3. Castration rapidly re-
stores defects within the TN thymo-
cyte subpopulations seen with age. a,
Representative FACS profiles of TN
subsets based on the expression of
CD44 and CD25. Note the accumu-
lation of the TN1 (CD44�CD25�)
subset with age and their reduction
postcastration (post-cx). b, Propor-
tion of TN subsets. A significant in-
crease in the proportion of TN1 cells
and decrease in proportion of TN3
(CD44�CD25�) cells was seen with
age. These were restored by 1 wk
post-cx. Each bar represents the
mean � 1 SD of four to eight mice.
***, p � 0.001 compared with young
(2 mo) and post-cx mice. c, Cellular-
ity of TN subsets. A significant de-
crease in all TN subsets was seen
with age and restored by 1 wk post-
cx. Each bar represents the mean � 1
SD of four to eight mice. �, p � 0.05;
���, p � 0.001 compared with young
(2 mo) and post-cx mice. d, Repre-
sentative FACS histograms showing
expression of c-kit on TN2
(CD44�CD25�) cells. e, c-kit ex-
pression was significantly reduced
with age and restored post-cx. Each
bar represents the mean � 1 SD of
four to eight mice. ��, p � 0.01 com-
pared with 2-mo and postcastrate
mice. f, The proportion of BrdU�

cells within the TN1 subset was sig-
nificantly reduced with age and re-
stored by 1 wk post-cx. A significant
increase in proportion of BrdU� cells
within the TN2 and TN4 subsets was
seen at 1 wk post-cx. Each bar rep-
resents the mean � 1 SD of four to
eight mice. �, p � 0.05 compared
with young, aged, and 2-wk post-cx
mice; ���, p � 0.001 compared with
young (2 mo) and post-cx mice.
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significantly reduced compared with the castrated mice. At 2 wk
postreconstitution, the majority of LSK were host derived, and this
was reflected within the thymus: the majority of thymocytes were
also host derived (Fig. 5d) in both sham and castrated animals. By
4 wk postreconstitution, at least 99% of LSK were donor derived
(data not shown), and this was also reflected in the thymus with the
majority of thymocytes being donor derived (Fig. 5d). This in-
crease in thymocyte numbers at 4 wk following BMT was also
observed when mice were chemically castrated using a LHRH-A 2
wk before reconstitution with allogeneic BM ( p � 0.05; Fig. 5e).
Consistent with the aging model, thymic structure and proportions
of thymocyte subsets following BMT and castration were identical
to that of young mice (data not shown). Importantly, intrathymic
analysis demonstrated a significant increase in donor-derived DC
at 4 wk postreconstitution in castrated mice compared with sham-
castrated mice ( p � 0.05; Fig. 5f) concentrated at the corticomed-
ullary junction as is normal for host DC (Fig. 5g).

Increased thymopoiesis results in increased thymic export and
phenotypic restoration of the peripheral T cell pool

To determine whether castration-induced thymic regeneration re-
sulted in changes to thymic export, we used intrathymic FITC
injection and assessed the number of FITC� cells in the periphery
within a 24-h period. Previous work has shown that young mice
export between 1 and 2 � 106 cells/day, and this is equivalent to
0.5–2% of total thymic cellularity (1, 8, 37), although this rate has
been shown to decrease with age (8). Directly aligned with the loss

of total thymic cellularity, thymocytes were still being exported
but at a much reduced level of �1 � 105 thymocytes/day at 15
mo of age (Fig. 6a). Despite the major disruption to the thymic
microarchitecture in the aged mice, the rate of emigration was
still within the normal range (Fig. 6b). Following castration-
induced activation of thymopoiesis, the number of RTE had
significantly increased after only 2 wk ( p � 0.01) and had
returned to young levels by 4 wk postcastration (Fig. 6a). This
increase was also significantly different to that seen at 2 wk
postcastration ( p � 0.05), presumably reflecting the differen-
tiation of new precursors through the thymus. The rate of RTE
production had decreased slightly at 1 wk postcastration but
was significantly increased ( p � 0.01) at 4 wk postcastration
compared with sham-castrated mice (although still within nor-
mal ranges) (Fig. 6b).

The impact of this increased RTE was seen in the proportions of
naive (CD44low) CD4� and CD8� T cells in the periphery after 6
wk (37 � 11% postcastration compared with 19 � 10% precas-
tration of CD4� T cells ( p � 0.05) and 52 � 9% postcastration
compared with 28 � 10% precastration of CD8� T cells ( p �
0.01)) (Fig. 6c). This was associated with a corresponding decrease
in the proportion (and number; data not shown) of memory
(CD44high) T cells compared with noncastrated aged mice (Fig.
6c). Despite the homeostatic maintenance of total T cell numbers
in the periphery (data not shown), a significant decrease ( p �
0.01) in the ratio of CD4:CD8 T cells was seen with age in both the
spleen and lymph nodes (Fig. 6d). In the young adult, the ratio
of CD4:CD8 T cells was �1.5:1 for both the spleen and lymph
nodes, decreasing to �1:1 in aged mice. The changes observed
in the CD4:CD8 ratio were due to a reduction in CD4� T cells
in both the spleen and lymph nodes with age and concomitant
increase in CD8� T cell numbers (data not shown). Castration
of the aged mice restored the CD4� and CD8� T cell numbers
in the spleen and lymph nodes by 6 wk (data not shown),
reflected by a normalization of the CD4:CD8 T cell ratio to
�2:1 within the periphery (Fig. 6d). In addition, preliminary
investigation of TCR repertoire using FACS analysis of TCRV�
regions demonstrated a significant expansion of V�8� within total T
cells and V�2� within the CD4� T cell population in the spleen of
aged mice (data not shown). The TCRV� repertoire was normalized
with castration.

Castration restores peripheral T cell function in aged mice

Analysis of splenocyte responsiveness to TCR stimulation (anti-
CD3 alone or costimulation with anti-CD28), revealed a significant
decrease ( p � 0.05) in proliferation measured by [3H]thymidine
incorporation in aged mice (Fig. 7a), reflecting the inherent defects
in T cell activation associated with age (11). Castration increased
the responsiveness to TCR stimulation even above that of young
adult mice ( p � 0.001 at 5 �g/ml and p � 0.05 at 3 and 10 �g/ml;
Fig. 7a). Aged mice also showed reduced levels of proliferation
when costimulation with �CD28 was performed, particularly at a
dose of 5 �g/ml �CD3 compared with young adult mice ( p �
0.05) (Fig. 7a). By 6 wk postcastration, the level of proliferation in
response to �CD3/�CD28 at doses of 1, 3, 5, and 10 �g/ml �CD3
were significantly increased above aged control mice ( p � 0.001,
p � 0.001, p � 0.01, and p � 0.05, respectively) (Fig. 7a). Cas-
trated mice also showed increased responsiveness above that of
young adult levels at a concentration of both 1 and 3 �g/ml �CD3
( p � 0.05) (Fig. 7a).

To further determine the functional consequences of thymus re-
generation, we examined the regional (popliteal) lymph node re-
sponse to human HSV-1 infection (Fig. 7, b–d) (38). Although no

FIGURE 4. Molecular analysis of castration-induced thymic reactiva-
tion. a, Representative semiquantitative RT-PCR analysis of three separate
experiments showing Fgf7 expression in thymic stromal cells from cas-
trated (Cx) and sham-castrated (ShCx) animals at days 4 and 7 postcas-
tration. No consistent difference was observed between Sh and Cx mice at
any time point for any factor analyzed. Ratio � equilibration for HPRT
expression. b, Quantitative real-time PCR analysis of relative IL-7 and
TGF-�1 expression at days 1, 2, 4, 7, and 10 postcastration compared with
ShCx mice. Results were calculated as the average cycle time of house-
keeping gene/average cycle time of test gene and then expressed as a ratio
of Cx to ShCx) mice. No change in expression of gene between Cx and Sh
is represented by a value of 1. Results are expressed as the mean � 1 SD
of two separate experiments, 10 mice/group.
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overt changes in the proportion of the major HSV-specific re-
sponding population of CD25�CD8� (activated) cells were seen
with 18-mo-old compared with 2-mo-old mice (Fig. 7b), there was
a significant ( p � 0.01) decrease in activated cell number per
lymph node in these mice (Fig. 7c). Interestingly, a significant
reduction in the CD4:CD8 T cell ratio was observed in the
resting but not blast T cell populations (data not shown). By 6
wk postcastration, the proportion of responding cells had not
changed (Fig. 7b), but the total number of activated
CD25�CD8� cells had increased to young adult levels (Fig. 7c)
and a restoration of the CD4:CD8 ratio was observed (data not
shown). Furthermore, castration restored the CTL responsive-
ness to HSV-infected target cells, which was greatly reduced in
the aged mice ( p � 0.01) (Fig. 7d).

LHRH-agonists enhance thymopoiesis in aged male humans

To assess the clinical potential for restoring thymus function in
humans, we analyzed prostate cancer patients (	60 years) who
routinely undergo sex steroid ablation therapy based on LHRH-A
treatment. They were examined at the time of presentation and
after 4 mo of treatment by which time serum testosterone concen-

tration was at castrate levels for all patients (data not shown). A
significant increase in total lymphocytes ( p � 0.05), T cells ( p �

0.01) (predominantly CD4�), and NK cells ( p � 0.05) were ob-
served (Fig. 8, a–c). More detailed analysis of the T cell compart-
ment revealed a significant increase in the numbers of naive CD4�

T cells ( p � 0.05) and both naive and memory CD8� T cells ( p �

0.05 for both) following LHRH-A treatment (Fig. 8d). There was
also a significant increase in the ratio of naive and memory T cells
within the CD4� T cell population (2.3 � 0.1 before treatment
compared with 4.4 � 1.7 at 4 mo of LHRH-A treatment, p � 0.05;
data not shown).

To determine whether the increase in naive T cells was through
peripheral expansion (as seen for example in human cord blood
following IL-7 administration (39)) or as a direct result of thymic
reactivation, analysis of cellular proliferation (Ki-67 Ag�) was per-
formed (40). No changes were seen with LHRH-A treatment in
proliferation of naive, effector, or memory populations of both CD4�

and CD8� T cells (remaining at a low 2–4%) (Fig. 8e). Direct
evidence for an increase in thymic function and T cell export was
found following analysis of TREC levels in 10 patients (Fig. 8f and

FIGURE 5. Castration enhances stem cell numbers and thymus regeneration following BMT. a, Representative FACS dot plots illustrating the detection
of LSK. BM cells were gated on Lin� and analyzed for expression of c-kit and sca-1. LSK are defined as Lin�c-kit�sca-1�. This plot illustrates the
proportion seen in castrated (Cx) mice (0.4%) approximately four times higher than young adult unmanipulated mice. (b) Young adult (3–4 mo) mice,
surgically Cx before BMT, showed a significantly higher number of LSK compared with sham-Cx mice 2 wk after reconstitution. c, Cx mice also showed
significantly increased thymus cellularity at both 2 and 4 wk posttransplant compared with sham-Cx mice. (d) In addition, the Cx mice had significantly
higher numbers of donor-derived (Ly5.1�) cells/thymus compared with sham-Cx mice. e, Chemically Cx (LHRH-A treated) mice showed a significant
increase in thymus cellularity at 4-wk (and 6-wk; data not shown) postallogeneic BM reconstitution compared with sham-Cx mice. f, The donor-derived
cells developed into intrathymic DC with Cx mice showing substantial increases in DC following BMT. g, Frozen thymus sections were stained for CD45
(red), CD11c (green), and pan-keratin (blue). The majority of donor-derived DC (CD45.1�CD11c�) were present at the corticomedullary junction (arrows).
Results are expressed as mean � 1 SD of four to eight mice per group. �, p � 0.05; ��, p � 0.01 compared with sham-Cx mice.

2748 REGENERATION OF THE IMMUNE SYSTEM BY CASTRATION

 by guest on A
pril 30, 2014

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


Table I). Within the total TREC population, 6 of 10 patients showed
an increase (	25% above initial presentation values) in absolute
TREC levels (per milliliter of blood) and proportion (TREC/1 � 105

cells; data not shown) by 4 mo of LHRH-A treatment.

Discussion
The present study demonstrates that castration leads to a complete
reversal of thymic atrophy in aged male mice, enhanced thymic
regeneration following BMT in young male mice, and an increase
in thymic-derived T cells in elderly male humans. This occurs via
multiple effects on the BM stem cells, the developing thymocytes,
and the thymic epithelium.

The impact of androgens and their removal on thymic structure
and function has been studied for a number of years (41–43). This
study has provided a greater insight into changes in thymocyte and
epithelial cell subsets with age and postcastration. The aged (2
years) male mouse thymus showed defects in thymopoiesis
throughout multiple stages of development but primarily within
the immature thymocyte subsets as seen previously. Castration in-
duced a rapid restoration of thymopoiesis, with significantly en-
hanced proliferation and reduced apoptosis in the immature sub-
sets evident by 1 wk postcastration. The results found with BrdU
incorporation are consistent with findings in young adult animals
(42) and demonstrates that the very old thymus, despite the severe

atrophy observed, still possesses the ability to respond to appro-
priate stimuli. Importantly, in very old animals, the impact of cas-
tration can be seen at least as long as 1 year after the surgery
(unpublished data), whereby, although a gradual reduction in thy-
mocyte cellularity is observed, cellularity within each subset is still
significantly increased compared with untreated controls. This is in
contrast to findings in young mice, which show only a transient
increase in thymic cellularity (25, 41, 42). This most likely reflects the
extent of thymic regeneration, particularly of the epithelial component
that is required in the aged mouse thymus as distinct to that in the
young thymus, which is presumably already highly functional.

Although the location of sex steroid receptors predominates on
the epithelial component of the thymus (43), their presence on
developing thymocytes have also been shown (44). The major sub-
sets that express these receptors are the CD4�CD8� and
CD4�CD8� subsets—the major subsets showing defects with age
in this study. Thus, while it has been clearly shown that receptors
on thymic epithelium are required for testosterone-mediated thy-
mic collapse (17), the present study clearly shows that castration
effects are manifest at a very early stage on thymocytes. Although
this is before epithelial cell division (D. Gray, unpublished obser-
vations), it does not exclude the possibility that the T cells are
responding to stromal cell-derived stimulatory signals. Interest-
ingly, our results also indicate an effect on the precursor stem cell
population in the marrow following castration, suggesting a po-
tential contribution of these cells to thymic regeneration.

An increase in proportion of the TN1 subset was observed with
age together with a decrease in proliferation and reduction in ex-
pression of c-kit (data not shown). It has been shown recently that
despite retention of the TN1 proportion with age (16, 45), there is
a significant decrease in the early T progenitor (ETP) cells within
this population (16), thus leading to numerical reduction of down-
stream thymocyte subsets. By 1 wk postcastration, the level of
proliferation and cellularity of the TN1 population were restored to
young adult levels, coinciding with a normalization of c-kit ex-
pression. Importantly, the rapid restoration of proliferation within
the TN1 subset is consistent with data demonstrating the retention
of limited functionality within this subset with age. This includes
an ability to reconstitute fetal thymic organ culture in vitro (46)
and to respond to IL-7 administration in vivo to increase thymo-
poiesis (47). Current work within our laboratory is looking at the
effects of castration on the ETP population to determine their con-
tribution to the regeneration of the involuted thymus.

Preliminary molecular analysis of total thymic stroma following
castration (days 1–10) demonstrated no significant alterations in
molecules predicted to be important (IL-7, TGF-�, and Fgf7) or their
receptors (on thymocytes) (data not shown). Keratinocyte growth
factor is not important because FGF7-deficient mice undergo castra-
tion induced thymic regeneration (data not shown). It is of obvious
importance to assess changes in the molecular microenvironment at
distinct time points and within discrete subsets of thymic epithelium/
thymocytes. However, in line with our findings, administration of
IL-7 to aged mice cannot fully restore the defects in thymopoiesis
seen with age (48). This would suggest that more complex events are
involved in the recruitment and expansion of thymocyte precursor
cells and the thymic microenvironment in general.

The restoration of thymocyte proliferation and differentiation
with castration were associated with a full reorganization of the
stromal microenvironment such that the castrated thymus was in-
distinguishable from the young adult thymus in all the cellular and
structural parameters examined. Interestingly, immunofluores-
cence demonstrated a greatly up-regulated expression of MHC
class II, ECM, and fibroblasts (associated with the vasculature) at
2 wk postcastration—normalized by 4 wk of postcastration. The

FIGURE 6. Castration results in phenotypic restoration of the peripheral T
cell pool. a, Following castration of aged mice (13- to 15-mo-old mice were
used in a and b), a significant increase in RTE cell number was observed as
early as 2 wk postcastration (post-cx). This had reached young adult levels
(data not shown) by 4 wk post-cx. Each bar represents mean � 1 SD of five
to seven mice. For 4 wk post-cx mice, ��, p � 0.01 compared with non-cx and
1 wk post-cx mice. and ˆ, p � 0.05 compared with 2-wk post-cx mice. For
2-wk post-cx mice, ��, p � 0.01 compared with aged (non-cx) mice. b, In
addition, a significant increase in the rate of export (%/thymus/day) was ob-
served by 4 wk post-cx. Note that percent export decreased in the first week
post-cx. Each bar represents mean � 1 SD of five to seven mice. ��, p � 0.01
compared with 2- and 4-wk post-cx mice, and ˆ, p � 0.05 non-cx mice. c, The
increase in export from the postcastrate thymus was reflected by an increase in
phenotypically naive (CD44low) cells in the spleen. d, With age, a significant
decrease in the ratio of CD4:CD8 T cells was seen in both the spleen and
lymph nodes. By 6 wk post-cx, these values had returned to young adult levels.
��, p � 0.01 compared with young and post-cx mice.
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results obtained by immunofluorescence are supported by flow cy-
tometric analysis demonstrating a significant proportional decrease
in MHC class IIhigh epithelial cells with age (12 mo), which re-
turned to normal young levels within 2 wk postcastration (D. H. D.
Gray et al., manuscript in preparation). Another striking feature of
the aged thymus was the cortical disruption and concurrent aggre-
gation of putative thymic stem cells (MTS24� epithelium), appar-
ently in higher proportions than in the young thymus. Interestingly,
while a numerical decrease was seen in all epithelial subsets with
age and all showed subsequent expansion postcastration, the highest
increase was within the medullary epithelium. The MTS24� cells
remained relatively similar as a proportion of the total epithelium
(D. H. D. Gray et al., manuscript in preparation). The developmental
relationships between the cortical, medullary, and MTS24� cells in
this epithelial recovery are currently unknown, but castration-induced
thymic regeneration does not selectively stimulate expansion of the
MTS-24� epithelial subset. Although it remains to be shown whether
there are any functional changes induced, it should be noted that the
adult MTS-24� epithelium does not seem to possess the same capac-
ity for survival as their embryonic counterparts (28). Current work is
involved in determining the rate of turnover of the separate epithelial
subsets and their lineage relationships.

The increase in thymus cellularity postcastration of aged mice
resulted in significantly increased export of RTE to the periphery.
This in turn induced phenotypic changes within the peripheral T
cell pool, including a normalization of the low CD4:CD8 T cell
ratio seen with age, an increase in the proportion of naive T cells,
and a resultant decrease in memory cells. The phenotypic changes
in the peripheral T cell pool were associated with pronounced

changes in T cell function. Aged mice showed a decreased capac-
ity for proliferation following TCR stimulation. This is likely to be
predominantly due to inherent defects in intracellular signaling
pathways (11) with age but may also relate to levels of CD28
expression (49), resulting in a loss in the costimulatory capacity of
aged T cells. Castration restored the T cell response to TCR trig-
gering (and costimulation) in aged mice. Importantly, castration
also enhanced the immune response of aged mice to viral infection.
The development of specific CTL immune response to HSV-1 re-
quires interaction between CD4� T cells and APC (50, 51) and the
need for massive infiltration of naive CD8� T cells to the site of
infection (38, 52). Although aged mice were consistently able to
produce similar proportions of activated CD8� T cells as young
adult mice following infection, a decrease in total draining lymph
node cellularity and therefore activated cell numbers was seen. As
a consequence, aged mice showed a decreased ability to generate
CTL-specific responses compared with both young adult and post-
castrate mice. This may be due to the inherent inability of T cells
from aged mice to secrete IL-2 upon stimulation (11), which is
required for generation of an efficient HSV-specific response (52).
Castration restored the responsiveness to HSV to levels equivalent
to those seen in young mice, possibly relating to a restoration of
the CD4:CD8 T cell ratio in the resting lymph node population
(data not shown). It would be of interest to assess the function of
APC in this model because these have been shown to be defective
in aged mice (53), are vital for proper viral responsiveness (50),
and are able to be modulated by sex steroids (54).

It is possible that removal of sex steroids is having direct func-
tional consequences on the peripheral T cells. The presence of

FIGURE 7. Castration restores the peripheral T cell
function in aged mice. a, The phenotypic changes in the
peripheral T cell pool with castration were reflected by
a significant increase in [3H]thymidine incorporation
following in vitro TCR (anti-CD3) stimulation (left
panel), particularly with anti-CD28 costimulation (right
panel). Results are expressed as mean � 1 SD of trip-
licate results from four mice per group. �, p � 0.05
compared with 3-mo-old mice; �, p � 0.05; ��, p �

0.01; ���, p � 0.001 compared with 18-mo-old mice. b,
FACS dot plots illustrating analysis of activated lymph
node cells (CD8�CD25�) following HSV infection. No
difference in proportion was observed with age or post-
castration (post-cx). c, However, a significant decrease
(p � 0.01) in activated (CD8�CD25�) cell numbers
was observed with age, correlating with a significant
decrease in total lymph node cellularity (data not
shown). Castration of the aged mice restored the im-
mune response to HSV-1, with CTL numbers equivalent
to young mice. Results are expressed as mean � 1 SD
of eight to twelve mice. d, Aged mice showed a signif-
icant reduction in CTL activity at an E:T ratio of both
10:1 and 3:1. Castrated mice demonstrated a compara-
ble response to HSV-1 as the young adult mice. Results
are expressed as mean of eight mice in triplicate � 1
SD. ��, p � 0.01 compared with control and Cx mice.
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testosterone receptors on peripheral T cells (55) indicates that
removal of the suppressive effects of testosterone could directly
enhance the proliferation of these cells. However, while loss of sex
steroids may directly contribute to the rejuvenation of peripheral T
cell responses, the observed increase in FITC� RTE, the propor-
tion of naive T cells and diversity of the TCR repertoire can only
be achieved through thymic output. Therefore, castration not only
restored thymus integrity in aged mice but also rectified pheno-
typic and functional T cell specific defects in the periphery.

A major finding from this study was the enhanced regeneration
of thymus cellularity following BMT in young mice with surgical
or chemical castration. It is still unclear precisely what role
changes in progenitor cells play in the aging-induced atrophy and
its reversal by castration. The latter may involve normalization of
the intrathymic progenitors or an increased number of marrow-
derived progenitors, which then differentiate normally, or both
these alternatives. In this study, sex steroid ablation resulted in a

significant increase in LSK content within the BM and enhanced
numbers of donor-derived LSK, which developed into DC and T
cells in numbers and proportion similar to the normal young thy-
mus. This occurred in two waves: the first 2 wk showed develop-
ment of radio-resistant host-precursor cells, and following this,
development of donor-LSK (the marrow was 100% donor-derived
at this stage) occurred. Additional studies, including in vivo bi-
oluminescence imaging, may help to determine whether castration
actively promotes the thymic uptake of stem cells or induces them
to undergo intrathymic proliferation and differentiation at a faster
rate. Although we have shown that castration is essential for res-
toration of the aged thymic microenvironment, it is highly likely
that this is at least partly due to an increase in HSC number and/or
function. This is currently under investigation in our laboratory
with secondary transfer of the donor stem cells being performed.

The importance of increasing HSC numbers in the periphery is
exemplified in a study by Douek et al. (23), whereby enriching for

FIGURE 8. Chemical castration in
humans enhances thymus function. a,
Total lymphocyte number per microliter
peripheral blood was significantly in-
creased following LHRH-A treatment.
b, This was reflected by a significant in-
crease in total T cells and CD4� and
CD8� T cells. c, Although a significant
increase in NK cell numbers was also ob-
served, B cells were not altered with treat-
ment. d, A significant increase in naive
(CD62L�CD45RA�CD45RO�) CD4�

and both naive and memory (CD62L�

CD45RA�CD45RO�) CD8� T cells
was observed with the agonist treat-
ment. Each bar represents the mean � 1
SD of 16 patients. �, p � 0.05; ��, p �

0.01 compared with pretreatment val-
ues. e, Analysis of cellular proliferation
was performed using Ki-67 Ag detec-
tion. In all patients, levels of prolifera-
tion within naive, effector, and memory
cell subsets for both CD4� and CD8� T
cells was not altered with LHRH-A
treatment. f, Analysis of TREC levels in
the peripheral blood. At 4 mo post-
LHRH-A treatment, 8 of 10 patients
showed increases in total TREC� cells/
milliliter blood compared with pretreat-
ment. In 6 of 10 patients, these were
deemed substantial (	25% increase).
One patient showed a substantial
decrease.

2751The Journal of Immunology

 by guest on A
pril 30, 2014

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


CD34� T cells before hemopoietic transplantation in humans resulted
in significantly increased levels of TREC compared with recipients of
unmanipulated grafts. The observed increase in the intrathymic con-
version of LSK to donor-derived DC may also facilitate the estab-
lishment of central tolerance for graft acceptance of the same donor
type (56). This has been shown experimentally using murine alloge-
neic transplants, the presence of intrathymic donor DC being closely
associated with longer-term kidney graft acceptance (57).

Analysis of patients undergoing LHRH-A as part of their routine
treatment for prostate cancer demonstrated the ability of chemical
castration to increase thymic-dependent T cell production in aged
humans. In all patients, an increase in lymphocyte numbers was
observed following LHRH-A treatment (4 mo) confirming previ-
ous findings (58–60). However, the present study expanded on
these findings by demonstrating that the increase in lymphocyte
numbers is predominantly due to an increase in T cells—both
CD4� and CD8�. This may be partly due to direct stimulation of
peripheral T cells by LHRH-A (61) or an indirect effect due to loss
of sex steroids. However, we were also able to demonstrate a sig-
nificant increase in specific, naive T cells following treatment with
the agonist with analysis of TREC levels in the periphery demon-
strating that chemical castration is inducing reactivation of the thy-
mic-dependent T cell pathway in aged humans. Interestingly, a
disparate increase in TREC�CD4� vs TREC�CD8� levels was
observed. This indicates that either a greater proportion of CD4�

to CD8� T cells are migrating to the periphery or that the CD8�

T cells are induced to undergo antigenic proliferation at a faster
rate than the CD4� T cells, thereby diluting out TREC levels. In
aged mice postcastration, a significant increase in mature CD8�

thymocyte proliferation was seen compared with CD4� single-
positive cells. Therefore, TREC levels could also be reduced in-
trathymically before export. Regardless, the levels of TREC in the
periphery will never be an overestimate, and because excessive
proliferation was not observed in these patients with LHRH-A ad-
ministration, they are probably a true indication of steady-state
levels of T cell emigration in aged humans. LHRH-ARs are
present on both peripheral lymphocytes (62) and also within the
thymic microenvironment (63). It is interesting to speculate that
the mode of action of LHRH-A could, at least in part, be due to a
direct, immunomodulatory role of LHRH-A on the immune sys-
tem. In support of this, aging is associated with a severe reduction
in LHRH-A binding sites within the thymus of both female and
male rats and this is fully reversed with LHRH-A treatment (63).

One of the most important features of this method of thymic
reactivation is that it involves a simple blockade of sex steroid

production, effectively returning the thymus to its prepubertal
state. Once the sex steroids are removed, the thymus presumably
uses its inherent regulatory control mechanisms over cellular pro-
liferation, cytokine levels, and the full complement of the thymic
microenvironment to efficiently generate normal T cell production,
without requiring the addition of exogenous cytokines. As a con-
sequence, there has been no evidence of pathological conditions
developing, particularly autoimmune. Indeed, the enhanced effec-
tiveness of the T cell arm of the immune response through regen-
eration of the naive T cell repertoire may be an important feature
of the control of prostate cancer (64). The treatment via chemical
castration is also completely reversible, with normal sex steroid
levels returning after the removal of the LHRH-A (65). The in-
corporation of sex-steroid ablation therapy in combination with
autologous or exogenous HSC, which themselves could be manip-
ulated for gene therapy (particularly relevant in the setting of HIV/
AIDS (for example)) sets a fundamentally new foundation for the
immunotherapy of T cell-based disorders.
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