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Augmentation of T Cell Levels and Responses Induced by

Androgen Deprivation1

Anja C. Roden,*†§ Michael T. Moser,¶ Samuel D. Tri,*†§ Maria Mercader,*†§

Susan M. Kuntz,*†§ Haidong Dong,*†§ Arthur A. Hurwitz,2� David J. McKean,†§

Esteban Celis,†§ Bradley C. Leibovich,*§‡ James P. Allison,3# and Eugene D. Kwon4*†§

Androgen has been implicated as a negative regulator of host immune function and a factor contributing to the gender dimorphism

of autoimmunity. Conversely, androgen deprivation has been suggested to potentiate male host immunity. Studies have shown that

removal of androgen in postpubertal male mice produces an increase in size and cellularity of primary and peripheral lymphoid

organs, and enhances a variety of immune responses. Yet, few details are known about the effect of androgen removal on T

cell-mediated immunity. In this study, we demonstrate two pronounced and independent alterations in T cell immunity that occur

in response to androgen deprivation, provided by castration, in postpubertal male mice. First, we show that levels of T cells in

peripheral lymphoid tissues of mice are increased by androgen deprivation. Second, T cells from these mice transiently proliferate

more vigorously to TCR- and CD28-mediated costimulation as well as to Ag-specific activation. In addition, androgen deprivation

accelerates normalization of host T and B cell levels following chemotherapy-induced lymphocyte depletion. Such alterations

induced by androgen deprivation may have implications for enhancing immune responses to immunotherapy and for accelerating

the recovery of the immune system following chemotherapy. The Journal of Immunology, 2004, 173: 6098–6108.

I
n its simplest form, productive T cell-mediated immunity

emanates from the expansion of specific T cells activated in

response to Ag. Thus, any manipulation that elevates periph-

eral levels of Ag-specific T cells and/or facilitates the activation of

these cells may enhance the host’s ability to generate a specific T

cell response.

Our present study, examining the impact of androgen depriva-

tion (AD)5 on peripheral immune system composition and T cell

function, has been prompted by the pervasive use of hormone ther-

apy to treat a variety of clinical disorders, as well as reports im-

plicating androgen as a negative modulator of immunity (1). For

example, the increased incidence of autoimmune disease in fe-

males (2) has been ascribed partly to lack of host androgen (3, 4).

Consistent with this, it has been shown that exogenous androgen

administration can reverse the gender-based predilection of female

NZB/W or NOD mice to autoimmune disease (5–8). Androgen

administration in female mice can also abrogate immune responses

against pathogen, allograft, or traumatized host tissues (1, 9, 10).

In contrast, removal of androgen in male mice exacerbates the

severity of various autoimmune-like disorders, including experi-

mental autoimmune encephalomyelitis, systemic lupus erythema-

tosus in NZB mice, and insulinitis in NOD mice (5, 8, 11). AD has

additionally been shown to stimulate B cell lymphopoiesis in post-

pubertal male animals (12–18) and to potentiate a variety of host

immune responses in other animal models (10, 19–24). Thus, it

appears that androgen generally blunts immunity when present and

enhances immunity when absent. To date, however, the effects of

AD on the host immune system have not been completely dis-

sected. Although several studies have shown that AD in postpu-

bertal animals can facilitate B cell responses (12–18) and induce

thymic hyperplasia (3, 12, 14, 17) as well as expansion of periph-

eral lymphoid organs (12–14, 17, 18, 25), few details are known

about the effects of AD on peripheral T cell levels and function.

Thus, the current study was conducted to elucidate the effects of

AD on peripheral T cell levels, TCR repertoire, and T cell-medi-

ated Ag-specific responses.

In this study, we describe two novel observations pertaining to

the immune system of castrated, postpubertal male mice. First, AD

increases absolute levels of T cells residing in peripheral lymphoid

tissues of mice. Second, AD transiently enhances T cell prolifer-

ation in response to costimulation through TCR and CD28. In ad-

dition, T cells from castrated mice are more susceptible to Ag- and

tissue-specific activation than T cells from sham-treated controls.

We further show that restoration of host T and B cell levels fol-

lowing chemotherapy-induced lymphocyte depletion can be accel-

erated by AD. Taken together, these observations may have im-

plications for facilitating immune responses to immunotherapy, for

improving immune system recovery following chemotherapy, and

Departments of *Urology, †Immunology, and ‡Biochemistry/Molecular Biology, and
§Comprehensive Cancer Center, Mayo Clinic, Rochester, MN 55905; ¶Departments
of Pharmacology and Therapeutics, Roswell Park Cancer Institute, Buffalo, NY
14263; �Departments of Microbiology, Immunology, and Urology, State University of
New York Upstate Medical University, Syracuse, NY 13210; and #Howard Hughes
Medical Institute, Department of Molecular and Cell Biology, Cancer Research Lab-
oratory, University of California, Berkeley, CA 94720

Received for publication June 8, 2004. Accepted for publication August 6, 2004.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

1 This work was supported by National Institutes of Health/National Cancer Institute
Grant R01 CA82185 (to E.D.K.), Department of Defense Grant PC 991568 (to
E.D.K.), CaPCURE, and the Mayo Foundation (Rochester, MN).

2 Current address: Tumor Immunity and Tolerance Section, Laboratory of Molecular
Immunoregulation, Frederick Cancer Research and Development Center, Center for
Cancer Research, National Cancer Institute, National Institutes of Health, Frederick,
MD 21702-1201.

3 Current address: Immunology Program and Department of Medicine, Howard
Hughes Medical Institute, Memorial Sloan-Kettering Cancer Center, New York, NY
10021.

4 Address correspondence and reprint requests to Dr. Eugene D. Kwon, Departments
of Urology and Immunology, Mayo Clinic, Guggenheim Building, Room 4-11A, 200
First Street SW, Rochester, MN 55905. E-mail address: kwon.eugene@mayo.edu

5 Abbreviations used in this paper: AD, androgen deprivation; Cx, castrated; GnRH,
gonadotropin-releasing hormone; Sx, sham castrated.

The Journal of Immunology

Copyright © 2004 by The American Association of Immunologists, Inc. 0022-1767/04/$02.00

 b
y
 g

u
est o

n
 A

u
g
u
st 4

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


for establishing a mechanistic basis whereby gonadal steroid hor-

mones modulate autoimmunity.

Materials and Methods
Mice

C57BL/6, B6.129S2-Igh-6tm1Cgn (B cell-deficient �MT) (26), and
B6.129S2-Cd28tm1Mak (CD28 knockout) (27) male mice were purchased
from Taconic Farms (Germantown, NY) or The Jackson Laboratory (Bar
Harbor, ME). C57BL/6 mice thymectomized at 8 wk of age were pur-
chased from Taconic Farms. DO11.10 TCR transgenic male mice (previ-
ously described in Refs. 28 and 29) were kindly provided by E. Celis
(Mayo Clinic, Rochester, MN). All mice were maintained under specific
pathogen-free conditions and used at 8–12 wk of age, unless stated oth-
erwise. Studies were conducted in accordance with the National Institutes
of Health guidelines for the proper use of animals in research and with
local Institutional Animal Care and Use Committee approval.

Androgen withdrawal or sham surgery

Surgery was performed on mice anesthetized with 2,2,2-tribromoethanol
(Sigma-Aldrich, St. Louis, MO). Bilateral orchiectomy was performed
through a transverse scrotal incision, following exposure of the testicles
and transection of spermatic cords. Sham-androgen withdrawal followed
the same procedure, except that pericordal fat was resected in lieu of the
testicles.

T cell isolation

CD3� T cells were purified from spleens or lymph nodes of mice by neg-
ative selection (mean purity �98%) using a murine T cell enrichment kit
(StemCell Technologies, Vancouver, Canada). CD4� and CD8� T cells
were purified using this same procedure in combination with either anti-
murine CD4- or anti-murine CD8-conjugated microbeads (Miltenyi Biotec,
Auburn, CA).

Vaccination and measurement of specific T cell responses

In some experiments, mice were immunized s.c. with 100 �l of 50 �g of
OVA emulsified in CFA (Difco, Detroit, MI) (ratio 1:1). Control mice
received injections of PBS emulsified in CFA. Two weeks following vac-
cination, 0.5 � 106 CD3� T cells purified from spleens of mice were
incubated with 0.5 � 106 irradiated splenocytes (25 Gy) � OVA (at con-
centrations specified) in a 96-well plate. In other experiments, CD4� cells
were isolated from the spleens of unvaccinated 7-day castrated (Cx) or
sham-castrated (Sx) DO11.10 TCR-transgenic mice and then stimulated �

OVA323–339 peptide (at concentrations specified) in the presence of 0.5 �

106 irradiated (25 Gy) normal BALB/c splenocytes. In tumor vaccination
experiments, Cx and Sx mice were vaccinated with 5 � 106 irradiated (100
Gy) TRAMPC1-GM-CSF (30) and TRAMPC1-B7 (31) cells (ratio 1:1) i.p.
six times within 3 wk following surgery. A total of 0.35 � 106 T cells
purified from spleens were incubated together with 0.5 � 106 irradiated (25
Gy) adherent splenocytes from nonvaccinated mice in the presence of 1 �

103 irradiated (100 Gy) TRAMP-C1 cells in a 96-well plate. To study
MLR, 0.35 � 106 CD3� T cells purified from spleens of Sx or Cx
C57BL/6 mice (H-2Db) were exposed at 37°C for 5 days to 0.5 � 106

irradiated (25 Gy) splenocytes from H-2Dd mice (BALB/c or DBA/2) or
H-2Db (C57BL/6) splenocytes for assessment of autoreactivity (32).

All T cell cultures were prepared using serum-free AIM-V medium
(Invitrogen Life Technologies, Gaithersburg, MD) supplemented with 50
�M 2-ME (Sigma-Aldrich). To quantify Ag-specific proliferation, T cells
were generally pulsed on the fourth day of culture with 1 �Ci of [3H]thy-
midine/well (NEN/PerkinElmer Life Sciences, Boston, MA). Eighteen
hours later, T cells were harvested and [3H]thymidine uptake was quanti-
fied by scintillation counting.

Measurement of organ lymphocyte levels and FACS analysis

Absolute numbers of marker-positive lymphocytes comprising the lym-
phoid organs of Cx and Sx mice were determined following complete
disaggregation of organs within a known volume of medium. Cell suspen-
sions were rendered erythrocyte free, and final concentrations of cells in
suspension were determined using a hemocytometer. Four-color staining
with FITC-, PE-, PerCP-, and allophycocyanin-conjugated mAbs was con-
ducted in PBS supplemented with 5% newborn calf serum (Invitrogen Life
Technologies), on ice for 30 min. To inhibit nonspecific FcR-mediated
binding of mAbs, cells were preincubated with 3 �g of anti-CD16/32 (BD
Pharmingen, San Diego, CA) for 10 min on ice. Percentages of marker-
positive T and B cells in suspension were determined by direct staining of
cells with fluorescent-labeled mAbs specific against murine CD45 (clone

30-F11), CD3 (145-2C11), CD4 (RM4-5), CD8 (53-6.7), CD45R/B220
(RA3-6B2), CD25 (7D4), CD28 (37.51), CD44 (IM7), OX40 (OX86),
TCR� chain (H57-597), and TCR�� chain (GL3) (all BD Pharmingen).
Anti-murine 4-1BB (1AH2) used in our studies was kindly provided by L.
Chen (Johns Hopkins University School of Medicine, Baltimore, MD).
Anti-murine OX40 was a kind gift from A. Weinberg (Earle Chiles Insti-
tute, Portland, OR). To facilitate staining of intracellular IL-2, IL-4, IFN-�,
or CTLA-4 (UC10-4F10-11) (all BD Pharmingen), cells were first stained
for surface marker expression and subsequently fixed and permeabilized
using the Fix/Perm Kit (BD Pharmingen). Flow cytometry was performed
using FACSCalibur (BD Biosciences, Mountain View, CA) instrumenta-
tion and CellQuest software (BD Biosciences). Final amounts of marker-
positive lymphocytes comprising each lymphoid organ were calculated as
follows: (cells in suspension � volume total suspension) � percentage of
marker-positive lymphocytes. Immunohistochemical staining of CD3�

cells within fresh frozen murine prostate tissues was performed, as previ-
ously described (33). In some experiments, the expression level of marker-
positive cells was quantified by measuring the geometrical mean fluores-
cence intensity for each sample.

In some experiments, mice were treated with 200 �g/g body weight
cyclophosphamide (Sigma-Aldrich) i.p. at day 1 following surgery.

Spectratyping

To perform TCR V� spectratype analysis, total RNA was extracted from
thymus and peripheral lymph nodes of Sx and Cx mice into TRIzol (In-
vitrogen Life Technologies). RT-PCR was performed using 5 �g of
DNase-treated RNA and oligo(dT). Multiplex TCR spectratyping was per-
formed, as described previously (34–36), using 1 �g of reverse-transcrip-
tase product, 32P-labeled common primer (Amersham Biosciences, Pis-
cataway, NJ), and primers specific for TCR V� sets 2, 4, 5.2, 8.1, 8.3, 10,
11, 15, 16, 17, 18, and 20. TCR CDR3 products were separated in a stan-
dard 7 M urea-6% acrylamide-sequencing gel and imaged using the Cy-
clone Storage Phosphor System (Packard Bioscience/PerkinElmer Life
Sciences, Boston, MA). CDR3 peak intensities were quantified using Op-
tiquant software (Packard Bioscience/PerkinElmer Life Sciences). Spec-
tratype profiles (clonotype peak intensities) for Sx vs Cx mice were then
compared for statistically significant differences using the Mann-Whitney
U test.

In vitro T cell costimulation

Costimulatory assays were performed, as originally described by Allison
and colleagues (37, 38). Briefly, 96-well round-bottom plates were coated
for 1.5 h at 37°C with 100 �l of anti-murine CD3 (clone 145-2C11) (BD
Pharmingen) diluted in PBS at concentrations specified. Subsequently,
plates were washed three times with PBS, and 0.2 � 106 purified CD3�,
CD4�, or CD8� T cells were added to each well along with soluble anti-
murine CD28 (clone 37.51) (BD Pharmingen) at concentrations indicated.
In some experiments, 10 �g/ml anti-OX40 (clone OX86), anti-4-1BB
(clone 1AH2), or control IgG was also added to T cell cultures. After 48 h,
cultures were pulsed with 1 �Ci of [3H]thymidine/well, and T cell prolif-
eration was quantified, as described above.

Apoptosis assay

T cell vulnerability to apoptosis was assayed, as previously described (39).
In short, T cells were incubated for 0, 2, 4, 8, or 24 h in RPMI 1640 or
RPMI 1640 containing 10% charcoal-stripped FCS (Sigma-Aldrich) with
or without 0.1 �M dexamethasone (Sigma-Aldrich) (incubation for 0, 2, 4,
or 8 h). CD3� T cells were subsequently stained for expression of FITC-
labeled annexin V using the Vybrant Apoptosis kit (Molecular Probes,
Eugene, OR), and percentages of apoptotic cells were quantified by flow
cytometry.

Statistical analysis

Unless otherwise noted, all experiments were performed independently at
least three times. Statistical comparisons were performed using the two-
sided, unpaired Student’s t test. Differences in values at p � 0.05 were
considered significant.

Results
AD increases levels of peripheral T cells in normal as well as

chemotherapy-treated postpubertal mice

Previous studies by our group (14) and others (3, 12, 13, 15–18,

25) have demonstrated that AD produces an increase in size and

cellularity of lymphoid organs in postpubertal male mice. To char-

acterize this response in greater detail than previously reported, we

6099The Journal of Immunology
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examined the phenotypes and TCR diversity of T cells in lymphoid

tissues of Cx compared with Sx postpubertal male C57BL/6 mice.

Within the first week following AD, the size and cellularity of

thymii, spleens, and lymph nodes remained unchanged in Cx rel-

ative to Sx controls (data not shown). In contrast, by 2 wk and for

up to at least 8 wk following castration, the size of these lymphoid

organs roughly doubled in Cx mice compared with Sx mice. By 4

wk following surgery, mean thymic mass (� SEM) increased from

59.8 � 4.6 mg in Sx controls to 108 � 6.1 mg in Cx mice ( p �

0.01). This increase in thymic mass was attended by an increase in

overall numbers of thymocytes (mean cells/thymus � 106, �

SEM) from 151.8 � 17.9 to 276.6 � 24 in Sx vs Cx mice ( p �

0.01), respectively. Furthermore, hyperplastic lymph nodes ob-

served in Cx mice contained increased numbers of CD45� cells.

By 4 wk after AD, inguinal and axillary lymph nodes of Cx mice

harbored nearly three times as many CD45� cells as Sx mice (Ta-

ble I; only data for inguinal nodes shown). Ninety percent of this

increase in lymph node CD45� cells was accounted for by a tre-

bling in both B220� cells as well as CD3� cells. The increase in

CD3� T cells, in turn, resulted from a proportional rise in numbers

of both CD3�CD4�CD8� as well as CD3�CD4�CD8� T cells

(Table I). AD also produced a similar pattern of lymphocytosis

within the spleens of Cx mice; however, the overall magnitude of

this increase was not as pronounced as that observed within nodal

tissues (data not shown). Thus, our studies confirm that AD pro-

duces thymic hyperplasia and increases B cell levels within the

peripheral lymphoid organs of postpubertal mice. In addition, we

show that hyperplastic peripheral lymphoid tissues in Cx mice har-

bor increased levels of both CD4� as well as CD8� T cells by 2

wk and for up to at least 8 wk following AD.

To test whether AD might selectively influence T cell diversity

in the castrated host, we analyzed TCR V� expression by CD3�

cells recovered from the thymii and lymph nodes of Sx compared

with Cx mice. To perform these studies, CDR3-size spectratyping

was used to screen for AD-induced changes in expression levels of

TCR V� 2, 4, 5.2, 8.1, 8.3, 10, 11, 15, 16, 17, 18, and 20, encom-

passing approximately one-quarter of the entire V� repertoire in

mouse. Fig. 1 shows that the representation of V� TCR within the

thymii and peripheral lymph nodes of 4-wk Cx mice remains re-

markably stable relative to Sx controls, despite the induction by

AD of lymphoid tissue hyperplasia. Thus, it appears that AD does

not favor the expansion of particular TCR clones and, ultimately,

does not alter host TCR diversity.

Whether AD-induced thymic hyperplasia results in increased

thymic output to augment T cell levels in peripheral tissues has

not previously been established. Thus, we initially measured

Table I. Effects of AD on lymphocyte levels in peripheral lymph nodes

Strain Treatment

Number of Cells � 106/Lymph Nodea

CD45� CD45R/B220� CD3� CD4� CD8�

Wild-type C57BL/6 Sxb 3.08 � 0.56c 1.06 � 0.24 1.72 � 0.34 1.11 � 0.25 0.88 � 0.19
Cx 8.91 � 1.78� 3.37 � 0.84� 4.81 � 0.96� 3.27 � 0.74� 2.34 � 0.55�

�MT Sx 1.93 � 0.62 0 1.90 � 0.62 1.11 � 0.37 0.80 � 0.25
Cx 5.37 � 0.50� 0 5.29 � 0.49� 3.31 � 0.32� 2.01 � 0.18�

CD28�/� Sx 3.14 � 0.46 0.60 � 0.06 1.42 � 0.06 0.92 � 0.05 0.62 � 0.02
Cx 6.67 � 0.90� 2.18 � 0.11� 5.33 � 0.32� 3.72 � 0.22� 2.16 � 0.12�

Tx C57BL/6d Sx 2.25 � 0.33 1.20 � 0.20 1.06 � 0.14 0.46 � 0.06 0.59 � 0.08
Cx 3.53 � 0.75 2.18 � 0.52� 1.27 � 0.29 0.48 � 0.08 0.78 � 0.20

a Absolute numbers of CD45�, B220�, CD3�, CD3�, CD4�, CD8�, CD4�, and CD3� CD4�, CD8�, (CD8�) cells per single lymph node were determined, as described
in Materials and Methods.

b Cohorts of five 8- to 12-wk-old mice were Sx or Cx 4 wk prior to study.
c Values represent mean numbers of marker-positive cells per lymph node, � SEM generated from experiments repeated three times. �, Denotes a significant difference ( p �

0.05) in values for Sx vs Cx mice.
d Mice were thymectomized (Tx) at 8 wk of age. Sham castration or castration was performed at 10 wk of age.

FIGURE 1. Thymic and peripheral

lymph node TCR diversity remains stable

following castration. Cohorts of 10 8- to

10-wk-old C57BL/6 male mice under-

went castration (Cx) or sham castration

(Sx). Four weeks following surgery,

freshly isolated lymphocytes from thy-

mus and peripheral lymph nodes were

evaluated by multiplex TCR spectratype

analysis, as described in Materials and

Methods. Histograms show similar repre-

sentation of V� 2.0, 8.1, 8.3, and 10 as

well as V� 4, 5.2, 11, 15, 16, 17, 18, and

20 (data not shown) within both thymus

and peripheral lymph nodes of Cx and Sx

mice. Vertical axes represent mean per-

centages of TCR V� frequency, � SEM.

Horizontal axes represent relative molec-

ular size of CDR3 products within each

V� family. Figures are representative of

two independent experiments.

6100 AD BOOSTS T CELL-MEDIATED IMMUNITY
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levels of CD44 expression (naive CD44low and memory

CD44high phenotypes, as previously described (40, 41)) on

peripheral CD4� and CD8� T cells in Sx compared with Cx

mice. Fig. 2, A–C, demonstrates that lymph nodes recovered

from 9-mo-old Cx mice, castrated for a total of 7 wk, harbor

significantly higher proportions of CD44lowCD4� and CD8� T

cells relative to age-matched Sx controls. Absolute numbers of

CD44lowCD4� as well as CD44lowCD8� T cells were also

commensurately higher within the lymph nodes of Cx mice

relative to age-matched Sx controls (Fig. 2D). To more directly

link thymic output to expansion of the peripheral T cell pool,

we compared numbers of T cells within the lymph nodes of

thymectomized 4-wk Cx mice against Sx controls (all mice

thymectomized for 2 wk before castration or sham surgery). As

shown in Table I, thymectomy before AD prevented peripheral

T cell levels from rising in 4-wk Cx mice, establishing parity

between castrated and sham-treated groups. Taken together,

these data indicate that AD most likely augments thymic output

to increase T cell levels within the peripheral lymphoid organs

of Cx mice.

Because AD produces a simultaneous increase in both periph-

eral T as well as B cell levels, we next set out to determine whether

levels of these cells are independently regulated in response to AD.

As shown in Table I, 4-wk Cx mice thymectomized for two weeks

before AD produce increased levels of peripheral B cells in the

absence of rising peripheral T cell levels. Conversely, 4-wk Cx

�MT mice, deficient in mature/functional B cells (26), produce

increased levels of peripheral T cells, relative to Sx control �MT

mice, ultimately achieving T cell level parity with wild-type Cx

mice (Table I). Thus, it appears that peripheral T and B cell levels

are independently regulated in response to AD.

Taking into account its profound ability to augment T and B cell

levels in lymphoid tissues, we reasoned that AD might accelerate

host lymphocyte recovery in mice rendered lymphopenic by che-

motherapeutic treatment. To test this, mice were treated with a

single dose of cyclophosphamide (200 �g/g body weight) 1 day

following either castration or sham surgery. Cohorts of Cx and Sx

mice were then sacrificed on days 0, 3, 7, 14, and 21 following

cyclophosphamide administration, and levels of B and T cells were

measured in lymphoid tissues. Fig. 3 demonstrates that adminis-

tration of cyclophosphamide causes lymph node B (Fig. 3A) and T

(Fig. 3B) cell levels to nadir �3 days following treatment, and that

levels of these lymphocyte populations in Sx mice remain at sub-

normal levels (relative to untreated animals) even by day 21 fol-

lowing treatment. In contrast, by day 21 following treatment, Cx

mice were able to attain near-normal levels of lymph node B and

T cells (Fig. 3, A and B), including levels of CD3�CD4�CD8�

(Fig. 3C) and CD3�CD4�CD8� T cells (Fig. 3D). Likewise, we

observed that AD accelerates normalization of lymphocyte levels

within the spleens of cyclophosphamide-treated mice (percentage

of normal lymphocyte number in untreated mice � SEM for Sx vs

Cx mice 21 days after cyclophosphamide treatment: total spleno-

cytes, 67 � 2 vs 113 � 2; splenic CD3� cells, 57 � 2 vs 86 � 1;

and splenic B220� cells, 67 � 3 vs 155 � 4; all p � 0.05). AD

demonstrated an even greater ability to accelerate the recovery of

thymocyte levels in cyclophosphamide-treated mice (percentage of

normal thymocyte number in untreated mice � SEM for Sx vs Cx

mice 14 days after cyclophosphamide treatment: 98 � 30 vs 400 �

60; p � 0.01). Collectively, these data support the ability of AD to

promote T and B lymphocyte recovery in mice initially rendered

lymphopenic by cyclophosphamide treatment.

AD facilitates the induction of Ag/tissue-specific T cell responses

Previous studies suggest that AD can potentiate a variety of im-

mune and cytokine responses in pathogen-challenged or trauma-

tized murine models (1, 5–8, 12, 24). Therefore, we set out to test

whether AD might facilitate the induction of Ag/tissue-specific T

cell-mediated immunity in postpubertal mice. Hence, for our initial

FIGURE 2. AD increases percentages

and absolute numbers of naive

CD44lowCD4� and naive CD44lowCD8�

T lymphocytes in peripheral lymphoid tis-

sue. Cohorts of five 9-mo-old C57BL/6

male mice underwent castration (Cx) or

sham castration (Sx). Seven weeks fol-

lowing surgery, lymphocytes were recov-

ered from inguinal lymph nodes, triple la-

beled with anti-CD4 PE, anti-CD8 PerCP,

and anti-CD44 FITC mAbs, and analyzed

by flow cytometry. Percentages and abso-

lute numbers of Ag-positive cells per sin-

gle lymph node were calculated, as de-

scribed in Materials and Methods. A and

B, Representative histograms of CD44 ex-

pression on cells from Sx (solid, pale line)

and Cx (solid, dark line) mice gated on

CD4� (A) or CD8� (B) cells (dotted line

represents isotype control). C, Mean per-

centage of CD44low cells among CD4�

and CD8� T cells, � SEM. D, Mean ab-

solute number of CD44lowCD4� and

CD44lowCD8� cells per single inguinal

lymph node, � SEM. �, Denotes a statis-

tically significant difference of p � 0.05

for Sx vs Cx mice. Histograms and figures

are representative of three independent

experiments.

6101The Journal of Immunology

 b
y
 g

u
est o

n
 A

u
g
u
st 4

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


studies, cohorts of mice were vaccinated with 50 �g of OVA in

CFA 2 wk following either castration or sham surgery. Two weeks

after vaccination, OVA-specific T cell responses in these mice

were assessed. To preclude contamination of T cells by exogenous

gonadal steroid hormones, T cells assayed in vitro during this se-

ries of experiments were routinely maintained in defined serum-

free AIM-V medium. Fig. 4A demonstrates that T cells purified

from OVA-vaccinated Cx mice exhibited higher rates of prolifer-

ation in response to in vitro stimulation with OVA (assessed by

[3H]thymidine incorporation) relative to T cells recovered from

vaccinated Sx controls. Likewise, T cells recovered from Cx mice

vaccinated with six rounds of 5 � 106 irradiated TRAMPC1-GM-

CSF (30) and TRAMPC1-B7 (31) murine prostate tumor cells (ad-

ministered i.p. at ratio 1:1 within 3 wk following castration or

sham surgery) displayed increased proliferation upon in vitro stim-

ulation with irradiated parental TRAMP-C1 relative to T cells

from Sx controls (Fig. 4B). In additional experiments, we observed

enhanced proliferative responses by naive CD4� cells purified

from 7-day Cx DO11.10 (OVA-TCR transgenic) mice upon first

time in vitro exposure to OVA323–339 peptide compared with

CD4� cells from Sx D011.10 control mice (Fig. 4C). Finally, T

cells from 7-day Cx H-2Db (C57BL/6) mice displayed greater

MLR responses to irradiated allogeneic H-2Dd splenocytes (from

DBA/2 or BALB/c mice) compared with T cells from H-2Db Sx

control mice (Fig. 4D).

In contrast, T cells from both 7-day Cx as well as Sx H-2Db

mice failed to proliferate in response to syngeneic stimulation with

splenocytes from H-2Db mice, suggesting that AD does not induce

a measurable level of T cell autoreactivity in this assay (Fig. 4D).

In further support of this, histological examination revealed no

increased T cell infiltration within the kidneys, liver, or lungs of

Cx mice 4 wk after AD (data not shown). Higher levels of CD3�

cells, however, were observed within prostate tissues of Cx com-

pared with Sx mice (Fig. 5; 4-wk Sx vs Cx prostate tissue CD3�

cells/high power field � SD; 2 � 2 vs 17 � 8, respectively; p �

0.05). Thus, these studies collectively indicate that AD facilitates

Ag/tissue-specific T cell responses in the Cx host. Moreover, al-

though short intervals of AD may facilitate T cell responses within

androgen-sensitive organs such as the prostate, it does not appear

to induce more generalized or widespread forms of autoimmunity.

AD enhances T cell proliferation following costimulation

through TCR and CD28

Because simply increasing host levels of T cells alone would not

be predicted to facilitate Ag/tissue-specific T cell responses in Cx

mice, we next investigated potential mechanisms whereby AD

might affect T cell-mediated immunity. For these studies, T cell

responses during in vitro costimulation with anti-TCR and anti-

CD28 were examined (37, 38, 42, 43). Unless otherwise stated, T

cells purified from spleens of Cx and Sx mice were cultured in

serum-free AIM-V medium and stimulated with increasing con-

centrations of immobilized anti-CD3 (0–0.5 �g/ml) in the pres-

ence of a fixed concentration (1 �g/ml) of soluble anti-CD28. Fig.

FIGURE 3. Castration accelerates host peripheral lymphocyte recovery after induction of lymphopenia by cyclophosphamide. Cohorts of seven 8- to

10-wk-old C57BL/6 male mice were treated with a single i.p. injection of cyclophosphamide (200 �g/g body weight) at day 1 after either castration (Cx)

or sham castration (Sx). On days 0, 3, 7, 14, and 21, lymphocytes were recovered from inguinal lymph nodes; stained with fluorescence-labeled Abs specific

against murine B220, CD3, CD4, and CD8; and analyzed by flow cytometry. Absolute numbers of lymphocytes positive for B220 (A), CD3 (B), CD4 (C),

or CD8 (D) per single lymph node of Cx vs Sx mice were calculated, as described in Materials and Methods. Vertical axes depict mean total numbers,

� SEM. �, Denotes a statistically significant difference of p � 0.05 for Sx vs Cx mice. Figures are representative of four independent experiments.
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6A demonstrates that T cells recovered from 7-day Cx mice pro-

liferated more vigorously than Sx controls in response to all con-

centrations of anti-CD3 studied, except for at 0 �g/ml anti-CD3, at

which no proliferation was observed. Likewise, T cells purified

from 7-day Cx mice proliferated more vigorously than Sx controls

in response to increasing concentrations of anti-CD28 (0.05–1 �g/

ml) at a fixed anti-CD3 concentration of 0.25 �g/ml (Fig. 6B).

Also, bulk CD3� T cells as well as purified CD4� or CD8� cells

from mice castrated for 3, 14, or 28 days as well as 6 wk exhibited

increased responses to costimulation relative to corresponding T

cell subsets from Sx controls (data not shown). In contrast, T cells

purified from Cx mice at either 1 day (data not shown) or 7 wk

after AD (Fig. 6C) exhibited no increased response to costimula-

tion, indicating that AD-mediated enhancement of T cell prolifer-

ation occurs only transiently.

To further test whether AD might render T cells more respon-

sive to accessory costimulation, T cells from Cx and Sx mice were

stimulated with anti-CD3 (0.5 �g/ml) and anti-CD28 (1 �g/ml) in

the added presence of anti-OX40 (10 �g/ml) or anti-4-1BB (10

�g/ml). Fig. 6D shows that ligation of accessory OX40 or 4-1BB

receptors produced an additive effect in promoting the proliferation

of T cells from 7-day Cx mice relative to Sx controls during TCR/

CD28 costimulation. Thus, AD appears to facilitate T cell prolif-

eration in response to accessory costimulation as well.

In separate experiments using CD28-deficient mice (27), we tested

whether AD-induced facilitation of costimulatory signaling contrib-

utes to the development of lymphoid hyperplasia in Cx mice. As

FIGURE 5. Castration induces prostate infiltration by T cells. Photomi-

crographs of prostates (magnification �400) from Sx and Cx mice stained

with anti-CD3 Ab. Prostates from 4-wk Sx and Cx mice were harvested

and processed, as described in Materials and Methods. Note the castration-

induced increased infiltration of the prostate by CD3� cells adjacent to

atrophic glands (right), compared with a few scattered CD3� cells within

the prostates of Sx mice (left). G, Denotes gland. Figures are representative

of three independent experiments, each including cohorts of five 8- to

10-wk-old C57BL/6 mice.

FIGURE 4. Castration potentiates the induction of Ag-specific T cell activation. Cohorts of five 8- to 10-wk-old C57BL/6 male mice underwent

castration (Cx) or sham castration (Sx) before T cell recovery, as described in Materials and Methods. T cell proliferation was assessed based on

[3H]thymidine uptake. A, OVA-specific proliferation of T cells from Cx vs Sx mice. The 2-wk Cx and Sx mice were vaccinated with 50 �g of OVA

emulsified in CFA. Two weeks after vaccination, freshly isolated splenic CD3� cells were cultured in the presence of irradiated normal splenocytes (from

C57BL/6 mice) � OVA for 4 days. B, Tumor cell vaccine-specific proliferation of T cells from Cx vs Sx mice. Cx and Sx mice were vaccinated with six

rounds of 5 � 106 irradiated TRAMPC1-GM-CSF and TRAMPC1-B7 tumor cells (ratio 1:1) within 3 wk following surgery. Freshly isolated splenic CD3�

cells were cultured in the presence of irradiated normal splenocytes (from C57BL/6 mice) and irradiated TRAMP-C1 cells for 4 days (two independent

experiments). C, OVA323–339 peptide-specific proliferation of CD4� T cells from Cx vs Sx mice. Freshly isolated splenic CD4� cells from 7-day Cx and

Sx OVA-TCR transgenic DO11.10 mice were cultured in the presence of irradiated normal splenocytes (from BALB/c mice) � OVA323–339 peptide for

4 days. D, Proliferation of T cells from Cx vs Sx mice in allogeneic and syngeneic MLR. Freshly isolated splenic CD3� cells from 7-day Cx and Sx H-2Db

(C57BL/6) mice were cultured in the presence of irradiated, allogeneic (A) splenocytes from H-2Dd (DBA/2) mice or irradiated, syngeneic (S) splenocytes

from H-2Db mice for 5 days. All data are mean values � SEM. �, Denotes a statistically significant difference of p � 0.05 for Sx vs Cx mice. Figures

are representative of more than or equal to three independent experiments, unless stated otherwise.
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shown in Table I, 4-wk Cx CD28-deficient mice developed a similar

pattern of peripheral lymphoid hyperplasia as observed in wild-type

Cx mice (Table I). Thus, it appears that facilitation of CD28 signaling

by AD does not play a central role in increasing peripheral T cell

levels in Cx mice. Conversely, to test whether augmentation of thymic

T cell output by AD results in the emergence of newly emigrated T

FIGURE 6. Castration transiently increases susceptibility of host T cells to costimulatory activation through TCR and CD28. Cohorts of five 8- to

10-wk-old C57BL/6 male mice underwent either castration (Cx) or sham castration (Sx) 1 day to 7 wk before T cell recovery, as described in Materials

and Methods. In all experiments, freshly isolated T cells were costimulated with increasing concentrations of plate-bound anti-CD3 at a fixed 1 �g/ml

concentration of soluble anti-CD28 (unless otherwise specified) for 48 h. T cell proliferation was assessed based on [3H]thymidine uptake. A, Proliferation

of CD3� cells from 7-day Cx vs Sx mice. B, Proliferation of CD3� cells from 7-day Cx vs Sx mice in response to increasing concentrations of anti-CD28

and a fixed concentration of 0.25 �g/ml anti-CD3. C, Proliferation of CD3� cells from 7-wk Cx vs Sx mice. D, Proliferation of CD3� cells from 7-day

Cx vs Sx mice in response to anti-CD3/CD28-mediated costimulation (0.5 and 1 �g/ml, respectively) � 10 �g/ml anti-OX40, anti-4-1BB, or control IgG.

E, Proliferation of CD3� cells from 4-wk Cx vs Sx mice thymectomized 2 wk before castration or sham castration. F, Percentage of annexin V-positive

cells among CD3� cells from 2-wk Cx vs Sx mice after 0-, 2-, 4-, 6-, or 8-h culture in RPMI 1640 containing 10% charcoal-stripped serum, supplemented

with 0.1 �M dexamethasone (Dexa) or control substance (contr). The x-axis denotes time of culture. G, Proliferation of CD3� cells from untreated animals

in response to 0.5 �g/ml anti-CD3 and 1 �g/ml anti-CD28 � dihydrotestosterone, or vehicle control, at concentrations specified. All data are mean values,

� SEM. �, Denotes statistically significant differences of p � 0.05 for Sx vs Cx mice. All figures are representative of more than or equal to three

independent experiments.
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cells that exhibit enhanced reactivity to costimulation, studies were

performed using mice thymectomized 2 wk before castration or sham

surgery. These experiments revealed that peripheral T cells purified

from spleens of thymectomized 4-wk Cx mice proliferated more

readily upon costimulation than T cells derived from thymectomized

Sx controls (Fig. 6E). Thus, AD apparently renders existing peripheral

T cell populations more susceptible to costimulation rather than in-

creasing thymic output of a hyperreactive T cell population. These

data are also consistent with our observation that only 3 days of AD

renders T cells more responsive to costimulation, at a point far before

development of lymphoid tissue hyperplasia in Cx mice.

To test whether AD alters T cell cytokine and receptor expres-

sion to facilitate an increased proliferative response to TCR/CD28-

mediated costimulation, we examined the expression of various

cytokines and receptors by peripheral T cells in Cx compared with

Sx mice. Our flow cytometric analyses revealed no differences in

percentages or expression levels of TCR�, TCR��, CD28, CD25,

OX40, CD40L, CTLA-4, and 4-1BB receptors, or intracellular cy-

tokines IL-2, IFN-�, and IL-4, by T cells in Cx compared with Sx

mice (Table II). In addition, percentages of putative Tregulatory

(CD4�CD25�) inhibitory cells (44) within the peripheral lym-

phoid tissues of Cx mice remained comparable to Sx mice (per-

centage of CD4�CD25� cells in splenic CD3� cells, � SEM, for

7-day Sx vs Cx mice: 5.5 � 0.2 vs 6.1 � 0.3; n � 2). In additional

experiments, we observed that T cells recovered from the spleens

of 14-day Cx and Sx mice underwent similar rates of apoptosis

upon exposure to dexamethasone (Fig. 6F) or serum deprivation

(data not shown), as demonstrated using annexin V staining. Fi-

nally, given that several groups (19, 45, 46) have reported andro-

gen receptor expression by peripheral T cells in mice, we tested

whether direct androgen exposure might alter T cell proliferation

during in vitro costimulation. Fig. 6G shows that direct exposure

of T cells to increasing concentrations of dihydrotestosterone

had essentially no effect on T cell proliferation in response to

costimulation.

In summary, these data indicate that AD generally renders pre-

existent peripheral T cell populations more reactive to costimula-

tion. The precise molecular mechanism underlying this response,

however, remains unknown at present.

Discussion
It has long been appreciated that gonadal sex steroids might mod-

ulate systemic host immunity (1, 9, 10, 12, 24). For instance, au-

toimmunity has been shown to be more prevalent in women than

in men (2–4). Studies have also indicated enhanced immune re-

sponses in females compared with males (1, 10, 47, 48). Addition-

ally, it has been shown that removal of androgen not only produces

lymphoid hyperplasia (3, 12–18, 25), but also can enhance a va-

riety of immune responses in postpubertal male mice (5, 8, 10, 11,

19–24). Based on these collective observations, androgen has been

implicated as negative modulator of host immunity. Nevertheless,

the precise mechanism(s) responsible for the bolstering effect of

AD on host immunity remains poorly understood. And, although

numerous studies have focused on the effects of AD on B lym-

phocyte levels and function, comparatively less attention has been

given to the effects of AD on host T cells. Thus, this study was

conducted to elucidate what changes in peripheral T cell levels,

repertoire, and function are induced by AD.

Previous studies have shown that AD produces an enlargement

of thymic and splenic cellularity and mass in postpubertal mice (3,

12–18, 25). In the current study, we confirm these findings by

demonstrating that hyperplasia of the thymus, spleen, and lymph

nodes appears �2 wk after AD in postpubertal male mice. We

extend these observations further by showing that AD-induced pe-

ripheral lymph node hyperplasia occurs primarily due to a trebling

of both B220� and CD3� cell levels (at 4 wk after AD) within

nodal tissues. This AD-induced increase in peripheral CD3� T cell

levels, in turn, is caused by a proportional rise in CD4� and CD8�

T cell levels in Cx mice. Also, in studies using B cell-deficient

�MT as well as thymectomized mice, we observe that peripheral

B and T cell levels in Cx mice rise independent of one another in

response to AD.

The observation that AD not only produces thymic hyperplasia

in postpubertal male mice (current study and Refs. 3, 12, 14 and

17), but also increases peripheral T cell levels, prompted us to

investigate whether AD stimulates thymic T cell output. In support

of this, we show that hyperplastic peripheral lymphoid tissues in

Cx mice harbor increased percentages and absolute numbers of

phenotypically naive (CD44low) CD4� and CD8� T cells relative

to Sx controls. In addition, thymectomy performed 2 wk before

Table II. Effects of AD on splenic T cell expression of various receptors and cytokines involved in T cell

activation and costimulatory signalinga

Treatment

Percent Marker-Positive CD3� Cellsb

Expression Intensity of Marker-Positive
CD3� Cells (Geometrical Mean

Fluorescence Intensity)c

Sxd Cx Sx Cx

TCR�� 97.5 � 0.1 97.0 � 0.1 111.6 � 1.7 109.6 � 0.8
TCR�/�� 7.4 � 0.4 7.9 � 0.6 52.3 � 1.4 55.0 � 1.2
CD28� 76.6 � 2.7 71.7 � 4.6 37.4 � 3.5 36.5 � 2.3
CD25� 10.9 � 0.6 11.5 � 0.5 43.4 � 0.2 42.4 � 0.5
OX40� 5.9 � 0.3 6.9 � 0.3 16.3 � 1.8 16.4 � 1.7
CD40L� 3.2 � 0.6 3.9 � 0.8 46.1 � 4.4 46.7 � 3.8
CTLA-4� 14.7 � 0.1 16.6 � 0.1 55.8 � 0.6 54.2 � 0.7
4-1BB� 4.9 � 0.2 4.8 � 0.3 56.5 � 1.3 57.6 � 3.3
IL-2� 4.1 � 0.7 4.6 � 0.8 47.2 � 5.3 48.4 � 5.3
IFN�� 4.2 � 0.6 4.6 � 0.7 68.6 � 5.1 63.3 � 4.0
IL-4� 0 0 0 0

a Samples of splenocytes were analyzed by flow cytometry, gated on CD3� lymphocytes.
b Values represent mean percentage or cmean expression intensity (geometrical mean fluorescence intensity) of Ag receptor

or cytokine-positive cells among CD3� lymphocytes, � SEM. Data were generated from two independent experiments.
d Cohorts of five 8- to 12-wk-old mice were Sx or Cx 7 days prior to study.
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AD prevents peripheral T cell levels from rising in Cx mice. Taken

together, these studies indicate that AD stimulates both thymic

expansion as well as output, culminating in increased levels of

newly emigrated T cells appearing within hyperplastic peripheral

lymphoid tissues of Cx mice. Yet, despite its ability to augment T

cell levels in the thymus and periphery, AD does not appear to alter

host TCR diversity, as is suggested by our TCR V� screening

studies. Admittedly, however, more extensive studies encompass-

ing the entire murine V� and V� TCR repertoire will be needed to

firmly establish whether host TCR diversity remains stable in re-

sponse to AD.

The ability of AD to stimulate the thymus and to produce in-

creased numbers of peripheral B and T cells in Cx mice prompted

us to additionally investigate whether androgen withdrawal might

prove effective in accelerating immune cell repopulation in mice

rendered lymphopenic by chemotherapy. For these studies, mice

were treated with the alkylating agent, cyclophosphamide, which

injures rapidly dividing cells including marrow and thymic lym-

phocyte progenitors, thereby inducing severe lymphopenia in both

humans and mice (49–51). Consistent with our prediction, AD was

observed to accelerate restoration of lymphocyte levels within the

thymus and periphery of cyclophosphamide-treated Cx mice. In

contrast, Sx mice remained relatively lymphopenic even by 21

days following cyclophosphamide administration. Thus, AD ap-

pears to demonstrate potential in promoting lymphocyte recovery

following chemotherapeutic treatment. However, further studies

will be needed to assess the functionality of lymphocytes that rap-

idly appear in response to AD to ascertain whether AD promotes

restoration of normal immune function in the chemotherapy-

treated lymphopenic host.

As alluded to above, AD has been reported to augment a variety

of immune responses in the postpubertal male host. For instance,

AD has been shown to shorten skin allograft rejection time in male

mice (9). Splenocytes derived from Cx compared with Sx mice

have also been shown to produce higher levels of IL-2 and IFN-�

in response to Con A, and increased autoreactive Ab in response to

mitogen (12). Additionally, studies have shown that AD may re-

duce host immunosuppression induced by hemorrhage (1) or burn

injury (24). Thus, prompted by these observations, we set out to

investigate the impact of AD on Ag/tissue-specific T cell responses

in postpubertal Cx compared with Sx mice. In the present study,

we show that peripheral T cells harvested from Cx mice, vaccinated

with either nominal Ag (OVA) or murine prostate tumor cells

(TRAMP-C1), proliferate more vigorously than Sx controls upon

in vitro restimulation with OVA or TRAMP-C1 target cells (re-

spectively). We further demonstrate enhanced responses by naive

CD4� cells from Cx-DO11.10 TCR transgenic mice (compared

with CD4� cells from Sx-DO11.10 control mice) upon first time in

vitro exposure to OVA323–339 peptide. Similarly, T cells from Cx

H-2Db (C57BL/6) mice exhibit greater MLR responses to irradi-

ated allogeneic H-2Dd splenocytes than T cells from H-2Db Sx

controls. In contrast, AD was not observed to induce peripheral T

cell autoreactivity (measured by syngeneic MLR) or multiorgan T

cell inflammation in Cx mice. Moderate levels of T cell infiltration,

however, were observed within the prostate tissues of Cx mice,

paralleling our previous observation that clinical AD raises re-

stricted T cell responses in the prostate tissues of patients being

treated for prostatic adenocarcinoma (33). From these observa-

tions, we conclude that AD generally facilitates host Ag/tissue-

specific T cell responses. The facilitation of T cell responses by

AD, however, is insufficient to produce generalized autoimmunity,

but may contribute to the development of T cell-mediated inflam-

matory responses within androgen-dependent organs such as the

prostate.

Recognizing that the induction by AD of lymphoid tissue hy-

perplasia alone might not be predicted to promote Ag-specific T

cell responses, we investigated additional mechanisms whereby

AD might facilitate host T cell-mediated immunity in Cx mice.

Specifically, we tested whether T cells from Cx compared with Sx

mice exhibit exaggerated responses to in vitro engagement of TCR

and receptors comprising the T cell costimulatory pathway. In

these studies, we observed that peripheral T cells from Cx mice

(including purified CD4� as well as CD8� cells) exhibit greater

proliferative responses to a wide range of anti-CD3 and anti-CD28

concentrations than T cells from Sx mice. This effect was apparent

at �1 day, but not after 7 wk of AD. Moreover, ligation of acces-

sory OX40 or 4-1BB receptors produced an additive effect in pro-

moting responses by T cells from Cx mice relative to Sx controls,

over and above the response observed with TCR/CD28 costimu-

lation alone. Based on these observations, we suggest that AD

transiently lowers the costimulatory threshold of peripheral T cells,

thereby facilitating Ag-specific T cell responses in Cx mice.

Our observation that T cells from Cx and Sx mice exhibit equal

vulnerability to apoptosis (induced by serum withdrawal or corti-

costeroid exposure) suggests that AD promotes T cell proliferative

expansion in response to costimulation, as opposed to extending T

cell survival. In addition, that increased responses were also dis-

played by T cells harvested from 3-day Cx mice as well as T cells

from thymectomized 4-wk Cx mice (both groups devoid of in-

creased T cell levels in peripheral tissues) further suggests that AD

may facilitate costimulatory T responses via mechanism(s) inde-

pendent of homeostatic proliferation or lymphoid hyperplasia.

Thus, we explored several relatively basic mechanisms whereby

AD might render pre-existing peripheral T cell populations more

susceptible to costimulation. These studies reveal that AD does not

alter host peripheral T cell expression of various receptors (TCR�,

TCR��, CD28, OX40, CD40L, 4-1BB, and CTLA-4) and/or cy-

tokines (IL-2, IFN-�, and IL-4) that could conceivably influence

costimulatory signaling. Likewise, percentages of CD4�CD25�

putative Tregulatory inhibitory cells (44) were observed to remain

similar within the peripheral lymphoid tissues of Cx and Sx mice.

Finally, we show that direct androgen exposure had no effect on T

cell responses to costimulation despite reports indicating that pe-

ripheral T cells express androgen receptor (19, 44, 45). However,

some evidence does exist suggesting that other sex hormones may

also participate in modulating host immunity. For instance, in ro-

dents, it has been demonstrated that hypothalamic gonadotropin-

releasing hormone (GnRH) can stimulate B and T lymphocyte pro-

liferation and IgG production (52–55). Additionally, prolactin has

been shown to promote both T cell expansion as well as survival

(56, 57). Related to this, androgens suppress both GnRH produc-

tion and responsiveness within the hypothalamus and pituitary

(58). In contrast, AD therapy in men has been shown to increase

levels of circulating prolactin, luteinizing hormone, and estradiol

(59). Taken together, these findings suggest the possibility that the

effect of AD to enhance T cell levels and costimulatory responses

may, at least in part, be mediated by other hormones, including

GnRH, prolactin, or estrogen, that rise in response to removal of

androgen. Thus, at present, the precise mechanism whereby AD

facilitates T cell proliferation in response to costimulation remains

elusive.

In summary, we demonstrate that AD produces an increase in

thymic and peripheral T lymphocyte levels and enhances Ag-spe-

cific T cell-mediated immune responses in postpubertal male mice.

T cells from Cx mice also transiently exhibit exaggerated

responses to costimulation, suggesting that AD may lower the

costimulatory threshold of peripheral T cells. We believe that
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the enhanced susceptibility of peripheral T cells to costimula-

tory activation might facilitate Ag/tissue-specific T cell re-

sponses in the AD host. These studies may have implications

for enhancing immune responses to immunotherapy, for im-

proving immune system recovery following chemotherapy, and

for establishing a mechanistic basis whereby gonadal steroid

hormones modulate autoimmunity.
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