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Abstract
The senescent immune system responds poorly to new stimuli; thymic involution, accumulation of
memory cells against other specificities, and general refractoriness to antigen signaling all may
contribute to poor resistance to infection. These same changes may pose a significant clinical
barrier to organ transplantation, as transplantation tolerance requires thymic participation and
integrated, tolerance-promoting responses to novel antigens. We found that after the age of 12
months, mice became resistant to the tolerance-inducing capacity of the monoclonal antibody
therapy anti-CD45RB. This resistance to tolerance to cardiac allografts could be overcome by
surgical castration of male mice, a procedure that led to thymic regeneration and long-term graft
acceptance. The potential for clinical translation of this endocrine-immune interplay was
confirmed by the ability of Lupron Depot injections, which temporarily disrupt gonadal function,
to restore tolerance in aged mice. Furthermore, we demonstrated that the restoration of tolerance
after surgical or chemical castration depended on thymic production of regulatory T cells (Tregs);
thymectomy or Treg depletion abrogated tolerance restoration. The aging of the immune system
(“immune senescence”) is a significant barrier to immune tolerance, but this barrier can be
overcome by targeting sex steroid production with commonly used clinical therapeutics.

INTRODUCTION
A healthy and normally functioning immune system has many important attributes,
including the ability to respond rapidly to pathogenic agents while maintaining robust self-
tolerance. Many fields of medicine seek to alter this balance either to obtain a stronger
immune response (for example, to defend against infection) or to curtail the response to
quell autoimmunity or support transplantation tolerance. In most clinical scenarios, these
two aims are at odds with one another, and fostering one is nearly always at the expense of
the other. In the case of immune senescence, there is a clear decrement in the ability to
respond protectively to novel antigens (1–5). However, in these same older individuals,
there is also evidence of increasing failure in immune tolerance mechanisms and a greater
propensity to autoimmunity (6, 7). Although several research strategies are aimed at
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augmenting immune responsiveness in older individuals to protect against infection, it is not
yet well defined whether these same strategies may support restoration of immune tolerance.

The senescent immune response has been best characterized in terms of the response to
vaccination and infectious agents. Although the peripheral immune system in aged
individuals contains a high number of memory cells formed against agents encountered
earlier in their lifetimes (8–10), response to novel antigens, particularly in terms of B cell–
derived antibody production, can be sparse (11–13). In addition, generation of new T cells is
compromised because of thymic involution (14–17). These processes combine to leave a
number of “holes” within the peripheral repertoire and result in the inability of the immune
system to see novel antigens.

This decreased immune reactivity may seem like an ideal scenario in which to obtain
nonresponsiveness to novel antigens, which is the goal of transplantation tolerance.
However, tolerance induction is not simply a process of nonresponsiveness, but an active
immune program requiring a specific response (regulation) against the transplant antigens.
Murine models of transplantation depend on critical, active responses from both the B
lymphocyte repertoire and the thymus (18–20).

The inability of the senescent immune system to respond appropriately to novel antigens at
the thymic and peripheral levels represents a daunting challenge for the attainment of
peripheral tolerance. In addition, understanding this problem is central to the advancement
of clinical transplant protocols because most of the clinical research protocols are performed
in aged individuals in whom there has been significant thymic involution and other signs of
immune senescence. Herein, we describe a clinically applicable approach to reverse immune
senescence, restore thymic mass, and rejuvenate the capacity of the immune system to
respond to tolerogenic stimuli. Overall, we identify immune senescence as a reversible
barrier to transplantation tolerance.

RESULTS
Tolerance-inducing therapy fails in mice that are more than 1 year old

Because the induction of immune tolerance is an active process requiring antigen
recognition and regulatory cell activation and differentiation, we hypothesized that this
process would be diminished in aged mice. For the purposes of this investigation, we studied
tolerance to cardiac allografts induced by monoclonal antibody (mAb) therapy targeting the
CD45RB molecule using a standard short-term course of therapy. As previously published,
we found robust tolerance induction in young mice (2 months), in which more than 50% of
treated mice demonstrated long-term allograft survival. All untreated mice demonstrated
rapid graft rejection by day 11 [median survival time (MST) = 9 days] (Fig. 1A). Mice at
age 6 and 9months were similarly susceptible to tolerance induction. However, by 1 year of
age, no treated mouse showed long-term tolerance, although there was a modest
prolongation in MST of 43 days (treated) versus 10 days (untreated) (Figs. 1B and 2). By 14
months of age, the MST (33 days) was further decreased, and again, no treated animal
showed long-term tolerance (Fig. 1B).

Castration reverses the tolerance resistance of aged mice
Because anti-CD45RB treatment requires active contribution of central tolerance
mechanisms mediated by an intact thymus (18), we hypothesized that tolerance could be
restored by restoration of thymic function. Diminished thymic function is a hallmark of
immune senescence, and recent lines of investigation suggest that thymic involution may be
driven in part by sex steroid production as the process initiates in the peripubertal period
(21–24). Gonadectomy has been reported to increase thymic weight and cellularity and
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improve adaptive immunity (25). However, whether this rejuvenation of thymic mass also
results in restoration of tolerance-promoting capacity has not been investigated. Therefore,
we determined whether gonadectomy would restore tolerance susceptibility in aged mice.
As shown in Fig. 2, we investigated the ability of anti-CD45RB treatment to induce
tolerance in aged male mice after surgical castration. Surprisingly, we found that
gonadectomy restored tolerance sensitivity to similar levels as those seen in 2-month-old
mice. Castration by itself did not result in an immunosuppressed state because control,
castrated animals rejected their cardiac allografts with a rapid tempo (MST = 10 days).

Lupron-mediated gonadal suppression restores tolerance induction
Considering the effect of gonadectomy on restoring the susceptibility to tolerance in aged
mice, we further investigated whether gonadal suppression by medical therapy, which would
represent a clinically appropriate intervention to promote tolerance, would be similarly
effective. In addition, because gonadectomy induces a state of hypergonadotropic
hypogonadism, whereas medical therapy with Lupron induces hypogonadotropism, this
second intervention would also determine whether circulating gonadotropins, which increase
after castration and decrease after Lupron Depot, contribute to the restoration of tolerance.
To perform chemically mediated gonadal suppression (chemical castration), we injected
mice with Lupron Depot 1 month before transplant and again on the day of transplant. In
mice at age 12 and 14 months, in whom tolerance is not successful, gonadal suppression
with Lupron Depot restored tolerance induction to levels similar to those seen both in
younger mice and in surgically castrated transplant recipients (Fig. 3, A and B). Considering
the success of medical therapy in restoring tolerance, we further considered whether it could
augment tolerance induction in younger mice. In all age groups under 9 months, no more
than about 50% of treated mice demonstrated long-term graft acceptance during the standard
tolerance induction protocol with antibodies to CD45RB. We treated 9-month-old mice with
Lupron Depot and found that this treatment allowed tolerance induction to be successful in
100% of treated mice (Fig. 3C). Thus, the production of circulating sex steroids in male
mice at ages 9 months and greater interferes with tolerance induction, and this interference
can be overcome by a widely used medical therapy.

Chemical or surgical castration restores thymic architecture and increases thymic weight
and number of developing regulatory T cells

We considered that a likely effect of these therapies aimed at disrupting sex steroid
production would be restoration of thymic architecture and function. Therefore, we
undertook an extensive analysis of thymic weight, architecture, cellularity, and composition.
As shown in Fig. 4A, visual inspection of the thymus in surgically castrated animals
demonstrated an increase in size compared to age-matched controls. The thymic size was
similar to that seen in 2-month-old animals as assessed by measurement of thymic weight
(Fig. 4B). Chemical castration also produced an increase in thymic mass, although not to the
same degree as the surgical procedure. Microscopic evaluation showed normal architecture
in a specimen from a 2-month-old mouse, the loss of cortical-medullary differentiation in
aged mice, and the restoration of the normal architecture in the specimen from the surgically
castrated animal (Fig. 4A). This increase in thymic mass was accompanied by an increase in
thymocyte number in both the surgically and the chemically castrated treatment groups (Fig.
5A). Moreover, the absolute number of regulatory T cells (Tregs), as determined by
CD4+Foxp3+ cells, was increased over age-matched control animals and indistinguishable
between the two treatment groups (Fig. 5, B and C). We also examined the periphery to see
whether the increase in Tregs extended to secondary lymphoid organs. We observed no
increase in percentage or in absolute number of Foxp3+ Tregs in the spleen (Fig. 5, D and E).
Thus, both procedures aimed at suppression of gonadal function led to recovery of thymic
function and a marked reconstitution of the newly developing Treg pool.
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Thymectomy or Treg depletion ablates the tolerance-restorative effect of gonadectomy and
hormonal suppression

Because these tolerance-restoring interventions demonstrated an effect on thymic activity,
and thymic function is required for anti-CD45RB–mediated tolerance, we hypothesized that
the thymus was the principal target by which immune tolerance was restored after endocrine
modulation. To confirm this hypothesis formally, we undertook both surgical (Fig. 6A) and
chemical (Fig. 6B) castration in thymectomized, aged mice. After thymectomy, long-term
tolerance induction was markedly reduced in mice after surgical castration and completely
eliminated in mice undergoing treatment with Lupron Depot for gonadal suppression; the
effect of thymectomy was not significantly different between the surgical and chemical
castration groups (P > 0.05).

Enhanced thymic function results in production of increased numbers of Tregs, which we
hypothesized were the key mediators of immune regulation in this model. To formally test
this hypothesis, we eliminated Tregs by anti-CD25 treatment.Anti-CD25 treatment led to
failure of tolerance induction and rapid rejection of allografts (Fig. 6C).

Finally, to verify further that Tregs from allograft tolerant recipients were suppressive, we
purified Tregs from aged, castrated, long-term survivors and used them in an in vitro mixed
lymphocyte reaction. In the absence of Tregs, sensitized CD4+CD25− T cells were highly
responsive to C3H stimulators (Fig. 6D). Coculture with purified tolerant, aged Tregs
resulted in efficient suppression of proliferation in comparison to naïve Tregs.

DISCUSSION
The effect of aging on the immune system is a complex process that drastically modifies
immune responsiveness. Many studies have characterized an age-dependent decline in
immune reactivity that may account for increased susceptibility to cancer and infection (6, 9,
26–28). The decreased immune responsiveness seen in aged mice and people has been
proposed to be due to an inappropriate enhancement of immune regulation. Investigations
have suggested that the complement of classical Foxp3+ regulatory cells and their function is
unchanged to slightly increased in the senescent immune system (29, 30); it has also been
suggested that their numbers remain relatively stable in the aged, involuted thymus. Thus, it
might be expected that the aging immune system could effectively maintain peripheral
immune tolerance. However, clinical data suggest an increasing propensity to autoimmunity
associated with aging, possibly resulting from resistance of effector T cells to immune
regulation that develops with aging (7).

There may also be an important central contribution to the disrupted tolerance in aged
individuals. In particular, one of the characteristics of the effector arm of the aged immune
system is its relative inability to respond effectively to novel antigens. Immune regulation in
the transplant setting is also an orchestrated response to a novel antigen, and thus,
assessment of transplantation tolerance may better highlight defects in this arm of immunity
in addition to effector immunity.

To assess transplantation in the aged immune system, we studied the capacity of antibodies
to CD45RB to establish transplantation tolerance across the lifetime of our mouse model.
Antibodies to CD45RB exert important effects both centrally and in the periphery, as we and
others have previously characterized (18, 19, 31–35). An anti-human CD45RB antibody has
been developed and demonstrated to have preliminary efficacy in a monkey kidney
transplant model (36). We found an age-dependent decline in the susceptibility of the
immune system to transplantation tolerance induced by the anti-CD45RB antibody; mice
more than 1 year of age were very resistant to transplant tolerance. We identified thymic
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function as a key determinant of success in this system. Despite the presence of Foxp3+ cells
in the aged thymus, these cells are unable to be instructed to provide graft protection to the
same degree as their younger counterparts. These findings have important ramifications for
clinical research and practice. Most subjects in research protocols that assess transplant
tolerance are adults, and many are more than 50 years. The thymic epithelium and thymic
output are substantially decreased by the time a human subject reaches 50 years of age.
Thus, thymic involution may represent a previously unconsidered barrier to transplantation
tolerance.

Although some of this effect may be related to intrinsic hematopoietic decline and decreased
thymopoiesis, thymic involution is also positively regulated by decreases in neuroendocrine
hormones that accompany aging (23, 37–39). The effect of androgen ablation on thymic
cellularity and function has been extensively described previously (24). After surgical
castration, thymic cellularity is rapidly restored and this has been associated with increased
levels of major histocompatibility complex (MHC) class II and other aspects of rejuvenation
of the epithelium. These changes enhance the ability of the thymus to support bone marrow
function and to recovery of thymocyte proliferation. In human patients receiving chemical
castration for prostate cancer, increased T cell receptor excision circle (TREC) expression, a
marker of recent thymic emigration, has been noted. Despite this extensive characterization,
it has not previously been determined whether thymic restoration changes susceptibility to
tolerance induction.

To establish a protocol that could be readily applied in the clinical setting, we explored
gonadal suppression with Lupron Depot. We found that medical therapy was comparable to
gonadectomy in restoring tolerance induction. This tolerance restoration was associated with
increased thymic mass and Treg production. Thymectomy abrogated the restorative effect of
chemical or surgical castration and confirmed the requisite role of the thymus in the
establishment of transplantation tolerance. Thus, we propose that there is a required
threshold of thymic function needed for tolerance induction, and this threshold may be
passed during aging in our mouse model between 9 and 12 months and in humans at an as
yet undefined time. Moreover, because no increase was observed in splenic Tregs, the
thymectomy data also suggest that the thymus is a primary site of action and that the export
of new Tregs may contribute only marginally, but vitally, to the peripheral pool.

Our strategy for tolerance induction, which involved only 1 week of anti-CD45RB antibody
therapy and 1 to 2 months of gonadal suppression, was able to produce long-standing
immune tolerance in a subset of mice when observed up to 120 days, without evidence of
rejection. Other protocols investigating restoration of thymic function rightly suggest that
permanent reversal of immune senescence may also require attention to the age-related
decline in bone marrow output (40). Whether there is an age at which this feature would
again result in failure of immune tolerance remains an important consideration under
investigation. Overall, the combination of approaches to restore the endogenous tolerance-
inducing capacity of the thymus with introduction of appropriate antigens and novel
immunomodulating therapies represents a clinically translatable approach to a large number
of human diseases (41).

Our methods to disrupt the neuroendocrine axis included two different mechanisms that
would produce either hypergonadotropic hypogonadism (castration) or hypogonadotropic
hypogonadism (Lupron). Because both were equally effective at rejuvenating the tolerance
axis, we conclude that the effect was not mediated by gonadotropins but by effects on sex
steroid levels. The role of sex steroids in immune tolerance is complex and not completely
understood. Considering the well-established clinical data of the increased propensity for
women to develop autoimmunity, it has been strongly suggested that estrogen plays an
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important role in mediating this effect (42). Studies on peripheral T cells have not supported
this hypothesis; instead, they have suggested that estrogen serves to enhance the number and
function of Tregs (43, 44). Clinically, this has been correlated with increased Treg numbers as
a barrier to breast cancer treatment (45–47). In contrast, lower testosterone levels may
decrease the frequency of Tregs in the peripheral circulation (48). Indeed, treatment of
humans with leuprolide, which decreases testosterone levels, has been reported to decrease
interleukin-6 production (49) and increase the number of circulating CD3+ cells (50, 51),
consistent with our observations on the contribution of male sex hormones to tolerance
induction.

Although sex steroids may have a direct effect on immune function in the periphery by
augmenting Treg and other peripheral T cell functions, it is also likely that the increase in sex
steroids seen at puberty is a key trigger for thymic involution. Here, we further support the
concept that this decline in central immune function may set the stage for disruptions in
peripheral tolerance. In particular, the transplantation data suggest that sex steroids, through
their action on the thymus, promote a state of immune rigidity in which tolerance (or
reactivity) to novel antigens is limited. Estrogens have been particularly implicated in
thymic involution. A recent report by Perisić and colleagues demonstrates that ovariectomy
also leads to enhanced numbers of thymocytes, increased thymocyte function, and
normalization of thymic subsets in a rat model (52). These findings coordinate well with the
cellular events we describe and suggest that tolerance restoration would also be successful in
this model. It has been suggested that the role of estrogens in thymic involution is not
absolute because thymic recovery after ovariectomy may be transitory (53). Because other
tissues, including fat, may produce estrogens, treatment with an aromatase inhibitor, which
globally suppresses the conversion of testosterone to estrogen, may have a similar or
enhanced immune-rejuvenating function.

These data support a model in which thymic involution associated with aging leads to the
inability to incorporate novel antigens into the repertoire of specificities protected by
recirculating regulatory cells. This resistance to tolerance induction can be overcome by
elimination of sex steroids, a procedure that results in recovery of thymic mass and
functional restoration of pro-tolerance novel specificities. This recovery can be achieved
with the clinically applicable agent Lupron and suggests that trials of transplantation
tolerance in aged individuals may not support successful immunomodulatory strategies
because the thymus is unable to participate. Lupron is already being actively considered in
clinical trials to modulate immunologic function in aged individuals. Three clinical trials
including NCT00275262 (Study to Evaluate the Ability of Lupron Depot to Enhance
Immune Function Following Bone Marrow Transplantation), NCT01338987 (Pilot Study of
Lupron to Improve Immune Function After Allogeneic Bone Marrow Transplantation), and
NCT00254397 (Melanoma Vaccine with Peptides and Leuprolide) are all actively
evaluating the ability of Lupron to modulate immune system function. All of these trials are
evaluating the capacity of endocrine modulation to enhance immunity. At present, it has not
been considered whether hormonal modulation can improve transplant tolerance induction.
Verifying thymic function and applying new methods, such as that described here, to restore
thymic function may hasten the attainment of immune tolerance in individuals across all
ages.

MATERIALS AND METHODS
Mice

Male C57BL/6 and C3H/HeJ mice were purchased from the Jackson Laboratory and housed
in specific pathogen-free barrier facility. C57BL/6 mice were used at the ages of 2, 6, 9, 12,
and 14 months. All procedures were conducted in accordance with the National Research

Zhao et al. Page 6

Sci Transl Med. Author manuscript; available in PMC 2013 September 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Council Guide for the Care and Use of Laboratory Animals and approved by the
Institutional Animal Care and Use Committee at Massachusetts General Hospital.

Cardiac transplantation
C3H/HeJ donor hearts were heterotopically transplanted into the abdominal cavity of
C57BL/6 recipients. Transplantation was performed according to the Ono-Lindsey model as
adapted for mice (54).

Antibody treatment
Mice were treated with intraperitoneal injections of 100 µg of rat anti-mouse CD45RB
antibody (clone: MB23G2, American Type Culture Collection) on days 0, 1, 3, 5, and 7 after
transplant.

For Treg depletion, 250 µg of rat anti-mouse CD25 mAb (PC61) was administrated
intraperitoneally on days 6 and 1 before transplantation. These antibodies were purchased
from Bio Express Inc.

Surgical castration
One month before transplantation, mice were anesthetized with 12.5% (g/liter) 2,2,2-
tribromoethanol (Sigma-Aldrich), and a vertical incision was performed along the line
between penis and anus. Bilateral testes along with epididymal adipose were removed with
high-temperature cautery (World Precision Instruments Inc.). Peritoneal openings and skin
incision were closed with absorbable suture.

Chemical castration
One month before transplantation, mice were injected with a 1-month Lupron Depot
(leuprolide acetate for depot suspension), a luteinizing hormone–releasing hormone (LHRH)
agonist (Takeda Pharmaceutical Co. Ltd.), at a dose of 0.6 mg per mouse, intramuscularly in
the hind leg. An additional injection of one dose was repeated on the day of transplantation.

Thymectomy
Concomitant with castration, some 12-month-old mice were subjected to thymectomy as
previously described (55). In brief, anesthetized mice were placed supine and a small
horizontal incision was made along the upper verge of the sternum. After separation of
muscle around trachea, a blunt, curved Pasteur pipette was introduced into the mediastinum
and the thymus was removed by negative pressure aspiration.

Flow cytometric analysis
Thymus or spleen was harvested and single-cell suspensions were prepared. Cell suspension
was rendered erythrocyte-free, and absolute number of thymocytes or splenocytes was
determined. Isolated cells were washed with cold fluorescence-activated cell sorting (FACS)
buffer [phosphate-buffered saline (PBS)/2% bovine serum albumin (BSA)/0.1% azide] and
stained with the following antibodies: CD4 phycoerythrin (PE)–Cy7, CD8 Pacific Blue,
CD25 peridinin chlorophyll protein (PerCP)–Cy5.5, and Foxp3 allophycocyanin (APC).
Foxp3 staining was performed after cell fixation and permeabilization with the buffer kit
provided by the manufacturer. All antibodies were purchased from eBioscience. All staining
procedures were carried on ice to keep cells viable. Samples were analyzed on an LSR2
flow cytometer (Becton Dickinson) with FlowJo software (Tree Star).
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Mixed lymphocyte reaction
Irradiated C3H splenocytes (0.6 × 106) were cultured with 0.3 × 106 Miltenyi bead-purified
carboxyfluorescein diacetate succinimidyl ester (CFSE)–labeled CD4+CD25− T cells, 0.2 ×
106 CD4+CD25+ T cells, and soluble anti-CD3 antibody (0.07 µg/ml) (2c11, Bio Express).
Cells were prepared by passage of tissue through a cell strainer (70–µm pore size; Falcon;
BD Biosciences). Cells were resuspended at a density of 107 cells/ml in Iscove’s modified
Dulbecco’s medium (IMDM). An equal volume of 5 mM CFSE (Invitrogen) in IMDM was
added, and cells were incubated at 37°C for 5 min. The reaction was quenched through the
addition of an equal volume of heat-inactivated fetal calf serum (FCS) (Life Technologies).
Labeled cells were washed twice and resuspended in culture medium for in vitro culture.

Histology
The intact thymus was fixed overnight in 4% formaldehyde before being processed and
embedded into paraffin. Sections of 5 µm were cut and stained with hematoxylin-eosin
(H&E).

Statistical analysis
Statistical analysis was performed with the Prism 5 Program (GraphPad). For survival
studies, Kaplan-Meier survival curves were generated and statistical analysis was performed
with the log-rank test. For thymocyte subset data analyses, statistical significance was
determined by t test. A value of P <0.05 was considered significant.
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Fig. 1.
Aging eliminated the tolerance-inducing effect of anti-CD45RB on cardiac allografts. Hearts
from C3H mice were transplanted into the abdominal cavity of B6 mice at different ages and
treated with anti-CD45RB antibodies (100 µg, intraperitoneally, on days 0, 1, 3, 5, and 7).
(A) In 2-month-old mice, all grafts were rejected rapidly without antibody treatment, but
55.6% of grafts survived beyond 150 days after anti-CD45RB therapy. (B) There were five
in eight and four in eight allografts with long-term survival in 6- and 9-month-old mice,
respectively; however, no allografts in 12-month-old (MST = 47.1 ± 14.1 days) and 14-
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month-old (MST = 36.0 ± 18.0 days) mice survived beyond 200 days. *P < 0.05, 6- and 9-
month-old mice versus 12- and 14-month-old mice.
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Fig. 2.
Surgical castration (SCx) restored the survival of cardiac allografts in aged mice treated with
anti-CD45RB. Hearts from C3H donors were transplanted into the abdominal cavity of 12-
month-old mice, some of which had undergone surgical castration 1 month before cardiac
transplantation. Recipients were then treated with or without anti-CD45RB antibody.
Although graft survival was significantly prolonged in the anti-CD45RB–treated,
noncastrated 12-month-old mice compared with untreated mice (P < 0.001), no grafts
permanently survived in the former. However, surgical castration significantly improved
long-term graft survival in old mice treated with anti-CD45RB compared with normal 12-
month-old mice treated with anti-CD45RB (P < 0.0001).
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Fig. 3.
Chemical castration (CCx) restored the survival of cardiac allografts in older mice treated
with anti-CD45RB. One month before transplantation, mice at 8, 11, or 13 months were
injected with a 1-month Lupron Depot; an additional dose was given on the day of
transplantation. (A) In mice at age of 12 months, the anti-CD45RB–treated control mice
rapidly rejected their grafts. Injection of Lupron Depot enhanced the efficacy of anti-
CD45RB, leading to long-term graft acceptance in more than 30% of animals (P < 0.003).
(B) In mice at age of 14 months, Lupron Depot improved the long-term graft survival in
50% of anti-CD45RB–treated mice compared with no graft acceptance in control mice (P <
0.02). (C) In 9-month-old mice, 50% of control mice demonstrated long-term tolerance and
100% of Lupron Depot–treated mice demonstrated long-term tolerance (P < 0.04).
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Fig. 4.
Surgical and chemical castration enhanced thymic mass and restored thymic architecture.
(A) Thymic mass decreased with age. Mass increased after either surgical or chemical
castration. (B) This difference was quantified and confirmed a significant increase in thymic
weight (*P < 0.01; **P < 0.001 versus 12-month normal; ^P < 0.01 versus 2-month normal;
n=3 to 5 animals per group). This improvement in thymic mass was associated with a
restoration of the normal thymic architecture as seen in (A) by the recovery of
corticomedullary differentiation that had been disrupted in the noncastrated 12-month-old
animal (H&E staining, ×100). C, cortex; M, medulla.
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Fig. 5.
Chemical and surgical castration increased thymic cellularity and Treg numbers in aged
mice. (A) Aged mice demonstrated an expected decrease in thymocyte number, whereas
surgical and chemical castration resulted in an increased number of thymocytes. (B)
Percentage of CD4+Foxp3+ thymocytes was not significantly increased. (C) Overall, there
was an increase in the absolute number of Tregs. (D and E) Neither percentage (D) nor
absolute number (E) of CD4+Foxp3+ splenocytes was increased. n = 3 to 5 animals per
group for all groups.
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Fig. 6.
Tolerance-rejuvenating effect of castration on the survival of cardiac allografts in anti-
CD45RB–treated aged mice was thymus- and Treg-dependent. Twelve-month-old mice
underwent surgical or chemical castration with or without thymectomy. (A and B)
Thymectomy was performed 1 month before cardiac allotransplantation. Thymectomy
abrogated the effect of both surgical (A, P < 0.05 for surgical castration versus thymectomy/
surgical castration) and chemical (B, P < 0.005 for chemical castration versus thymectomy/
chemical castration) castration on restoring tolerance induced by anti-CD45RB. (C)
Castration-mediated tolerance was Treg-dependent. Recipients are treated with 250 µg of
anti-CD25 intraperitoneally on days −6 and −1. CD4+CD25+ T cell depletion was verified
on day 10. Depletion of Tregs resulted in a significant decrease in heart allograft survival
(MST > 128.8 ± 28.2 days versus 46.0 ± 25.6 days, anti-CD25–treated, P < 0.0001). (D)
Suppressive effect of Tregs from the castrated, aged long-term survivor (LTS) on native T
cell response to alloantigen. To assess the function of Tregs in the castrated recipients of
cardiac allograft, we used an in vitro mixed lymphocyte reaction assay. CFSE-labeled
CD4+CD25− T effector cells from LTS B6 mice alone (left), or stimulated with C3H
splenocytes (middle left), in the presence of CD4+CD25+ T cells from either LTS (middle
right) or naïve B6 (right). Tregs from the LTS mice (3:2 responders/Tregs). Data represent
one experiment performed in duplicate.
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