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Abstract  1 
 2 
Objective - Androgen deprivation therapy has been associated with increased 3 

cardiovascular risk in men. Experimental studies support that testosterone protects 4 
against atherosclerosis, but the target cell remains unclear. T cells are important 5 
modulators of atherosclerosis and deficiency of testosterone or its receptor, the 6 
androgen receptor (AR), induces a prominent increase in thymus size. Here we tested 7 
the hypothesis that atherosclerosis induced by testosterone deficiency in male mice is 8 
T cell-dependent. Further, given the important role of the thymic epithelium for T cell 9 
homeostasis and development, we hypothesized that depletion of the AR in thymic 10 
epithelial cells will result in increased atherosclerosis. 11 

 12 
Approach and Results – Prepubertal castration of male atherosclerosis-prone apoE-/- mice 13 

increased atherosclerotic lesion area. Depletion of T cells using an anti-CD3 antibody 14 
abolished castration-induced atherogenesis, demonstrating a role of T cells. Male mice 15 
with depletion of the AR specifically in epithelial cells (E-ARKO mice) showed 16 
increased thymus weight, comparable to that of castrated mice. E-ARKO mice on an 17 
apoE-/- background displayed significantly increased atherosclerosis and increased 18 
infiltration of T cells in the vascular adventitia, supporting a T cell-driven mechanism. 19 
Consistent with a role of the thymus, E-ARKO apoE-/- males subjected to prepubertal 20 
thymectomy showed no atherosclerosis phenotype. 21 

 22 
Conclusions - We show that atherogenesis induced by testosterone/AR deficiency is 23 

thymus- and T cell-dependent in male mice and that the thymic epithelial cell is a likely 24 
target cell for the anti-atherogenic actions of testosterone. These insights may pave the 25 
way for new therapeutic strategies for safer endocrine treatment of prostate cancer. 26 

 27 
 28 
 29 
 30 
 31 
 32 
 33 
 34 
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Non-standard abbreviations 37 
 38 
AR androgen receptor 39 
E-ARKO  epithelial cell-specific AR knockout 40 
GC-MS/MS  gas chromatography - tandem mass spectrometry 41 
gDNA  genomic DNA  42 
SARMs  selective AR modulators 43 
TECs  thymic epithelial cells  44 
Tx  thymectomy  45 
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Introduction 1 
 2 
Low testosterone levels in men are associated with increased atherosclerosis burden and 3 
increased risk of cardiovascular events1, 2. Data indicating that castration or androgen 4 
deprivation therapy in men with prostate cancer augments cardiovascular risk also support 5 
atheroprotective actions carried out by testosterone3. This notion is further strengthened by 6 
experimental studies in which castration, i.e. removal of the testes and thereby complete 7 
testosterone deficiency, increases atherogenesis and that this effect is abolished by 8 
physiological testosterone replacement4. Further, depletion of the receptor for testosterone 9 
(the androgen receptor; AR) increases atherosclerosis burden in male mice4.  10 
 11 
Key steps of the atherosclerotic process include hypercholesterolemia, retention of 12 
lipoprotein particles in the vascular wall, activation of endothelial cells and migration of blood-13 
borne cells into the artery5. Macrophages and T cells that accumulate in the arterial intima 14 
instigate innate and adaptive immune reactions against lipoprotein-derived molecules6. This 15 
leads to vascular inflammation and formation of atherosclerotic plaques5 that may rupture or 16 
erode, leading to clinical events. Illustrating the role of vascular inflammation, a large clinical 17 
trial recently demonstrated that anti-inflammatory therapy can prevent clinical cardiovascular 18 
events7.   19 

 20 
Research carried out during the last two decades has identified an important, yet complex, 21 
modulation of atherogenesis exerted by T lymphocytes5. T cell progenitors are produced in 22 
the bone marrow and then enrolled in thymopoiesis, i.e. further proliferation and maturation 23 
of T cells, in the thymus. It is well known that sex hormones have a crucial impact on thymus 24 
size and are responsible for the involution of the thymus taking place during puberty in both 25 
mice and humans. In androgen deficient states, both thymus size and thymopoiesis are 26 
prominently increased and accordingly, the thymus involutes upon treatment with 27 
androgens8-13. However, the potential consequence of this modulation for the pathogenesis 28 
of T cell-dependent disorders, including atherosclerosis, is unknown. 29 

 30 
While considerably less well developed than selective estrogen receptor modulators, the 31 
development of compounds that regulate AR activity in a tissue-specific way (selective AR 32 
modulators; SARMs) is ongoing 14. A crucial step for the design of SARMs with a beneficial 33 
cardiovascular profile will be the identification of the target cell(s) for the cardiovascular 34 
actions of testosterone. The target cell and mechanism through which androgens/AR protect 35 
against atherosclerosis remains unclear15; recent studies using cell-specific depletion of the 36 
AR do not support endothelial nor vascular smooth muscle cells as targets for the anti-37 
atherogenic actions of testosterone16. Further, contrary to the effects of castration or whole-38 
body AR depletion4, monocyte/macrophage-specific AR knockout reduces atherosclerosis16.   39 

 40 
The aim of the present study was to test the hypothesis that atherosclerosis induced by 41 
testosterone deficiency in male mice is T cell-dependent. Further, given the important role of 42 
the thymic epithelium for T cell homeostasis17, we hypothesized that depletion of the AR in 43 
thymic epithelial cells (TECs) will result in increased atherosclerosis. 44 

 45 
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Materials and Methods     1 
 2 
The data that support the findings of this study are available from the corresponding author 3 
upon reasonable request. 4 
 5 
Animals and study design. Male E-ARKO mice were generated by breeding AR+/flox female 6 
mice18 (from Dr. Verhoeven, Katholieke Universiteit Leuven, Belgium) with male K5-Cre+ 7 
mice19 (created by Dr. Ramirez, CIEMAT, Madrid, Spain; transferred from Dr. Rognoni, Max 8 
Planck Institute, Germany). The AR is located on the X chromosome, and male mice with the 9 
genotype ARflox/YK5-Cre+/- will become E-ARKO; littermate controls were AR+/YK5-Cre+/-. 10 
Assessment of atherosclerotic lesion formation was done in ARflox and K5-Cre+ strains 11 
crossed to an apoE constitutive knockout background (B6.129P2-Apoetm1UncN11, Taconic), 12 
yielding ARflox/YK5-Cre+/- apoE-/- (E-ARKO apoE-/-) and AR+/YK5-Cre+/- apoE-/- (controls). 13 
Because our initial assessments of androgen status (wet weight of androgen sensitive 14 
organs), thymus weight and cellularity, and atherosclerotic lesion formation (data not shown) 15 
revealed no differences between AR+ and ARflox males, Cre+ littermates without the ARflox 16 
construct were used as controls for subsequent experiments. We assessed AR, Cre, and Zfy 17 
(for gender) by PCR amplification of genomic DNA (gDNA) 18. In all experiments, littermate 18 
male controls were used and all mice were on a C57BL/6J background (backcrossed ≥10 19 
generations). The mice were housed in a temperature- and humidity-controlled room with a 20 
06:00-18:00 h light cycle and consumed a soy-free chow diet (Cat# R70, Lantmännen) and 21 
tap water ad libitum. All animal studies were conducted in compliance with local guidelines 22 
and The Ethics Committee on Animal Care and Use in Gothenburg approved all procedures. 23 
The studies adhere to the AHA recommendations for experimental atherosclerosis studies20; 24 
deviations include that no statistical methods were used to predetermine sample size and 25 
that atherosclerosis was assessed at only one time point. 26 
 27 
Castration (orchiectomy). The mice were anesthetized with isoflurane (IsoFlo® vet., Vnr 28 
002185, Zoetis) and either sham operated or bilaterally castrated/orchiectomized (ORX). 29 
Buprenorphine (Temgesic®, RB Pharmaceuticals Ltd) was used for analgesia after all 30 
surgical procedures. 31 
 32 
Castration and testosterone replacement. Four weeks before tissue collection, 8 week-old 33 
male C57BL/6J mice were bilaterally castrated and implanted subcutaneously with a small 34 
slow-releasing pellet containing vehicle/placebo (Cat# SC-111) or a physiological dose of 35 
testosterone4  (25 µg/day; Cat# SA-151, Innovative Research of America, Sarasota, FL, 36 
USA). 37 
 38 
T cell depletion experiment. At four weeks of age, male apoE-deficient mice (B6.129P2-39 
Apoetm1UncN11, Taconic) were bilaterally castrated or sham-operated under isoflurane 40 
anesthesia. One week later, the mice were injected intraperitoneally with 50 ug anti-mouse 41 
CD3 antibody (clone 145-2C11 f(ab')2 Fragments, Cat# BE0001-1FAB, BioXCell) or a control 42 
antibody (hamster IgG f(ab’)2 Fragments, Cat# BE0091-FAB, BioXCell) on five consecutive 43 
days.  As previously described21, the antibody injections were repeated with 3 weeks 44 
intervals (when the mice were 5, 8, 11, and 14 weeks) and the mice were sacrificed at 16 45 
weeks of age.  46 
 47 
Thymectomy experiments. At three weeks of age, male apoE-deficient mice and apoE-48 
deficient E-ARKO mice and littermate K5-Cre+ controls were thymectomized or sham-49 
operated. In brief, mice were anesthetized with isoflurane; thymus exposed via a 50 
suprasternal incision and removed using vacuum aspiration. Completeness of the 51 
thymectomy was ensured at sacrifice at 16 weeks of age.  52 
 53 
Tissue collection. At 16 weeks of age (if not otherwise stated), the mice were anesthetized, 54 
blood was drawn from the left ventricle, and the mice were perfused with saline under 55 
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physiological pressure. Thymus was dissected, and kept in PBS on ice. Serum was prepared 1 
by clotting of blood in Multivette 600 Z-Gel tubes (Cat# 15.1674, Sarstedts) and separated by 2 
centrifugation. The serum was subsequently frozen at -80°C. 3 
 4 
Histological analyses in the aortic root. Serial 10-µm cryosections were cut distally from 5 
the aortic root. Sections at 200, 400, 600, and 800 µm after the appearance of the aortic 6 
cusps were stained with Oil Red O (Cat#00625, Sigma-Aldrich) and counterstained with 7 
hematoxylin. Staining with Masson’s trichrome was performed according to the 8 
manufacturer’s instructions (Accustain Trichrome Stains-Masson, Cat# HT15, Sigma-9 
Aldrich). Other sections were stained for macrophages using a rat anti-mouse Mac-2 10 
antibody-FITC conjugated (M3/38, Cedarlane, 1:1000, 0.1 µg/ml), followed by a secondary 11 
mouse anti-FITC-biotin conjugated antibody (FL-D6, Sigma, 1:1000, 3 µg/ml). Staining was 12 
detected using an alkaline phosphate system (Cat# AK-5000, Vector laboratories Inc) and 13 
developed with Vulcan fast red (Cat# BC-FR805S, Biocare Medical). For 14 
immunofluorescence, sections were incubated with rat anti-mouse CD18 (C71/16, Biolegend; 15 
1:100, 10 µg/ml ), mouse anti-smooth muscle alpha actin-Cy3 (1A4, Sigma Aldrich; 1:10,000, 16 
0.2 µg/ml) and hamster anti mouse CD3e (145-2C11, eBioscience; 1:100, 5 µg/ml), followed 17 
by secondary antibodies: AF647-conjugated donkey anti rat IgG (Cat# 712-606-153, Jackson 18 
Immuno Research Laboratories; 1:300, 5 µg/ml) and AF594-conjugated goat anti hamster 19 
IgG (Cat# 127-585-160, Jackson Immuno Research Laboratories; 1:300, 5 µg/ml) and 20 
staining with DAPI (Cat# D9542 ,Sigma-Aldrich).  21 
 22 
We used morphometric analysis (BioPix Software) to determine the size of the 23 
atherosclerotic lesions and the adventitia, after manual delineation. As an estimate of 24 
atherosclerotic lesion size, atherosclerotic lesion areas at the levels 200, 400, 600 and 800 25 
µm from the aortic cusps were integrated. The areas of Mac-2 staining and collagen staining 26 
(blue color in Masson’s trichrome) were determined using Biopix Software; thresholds were 27 
defined manually by a blinded observer and applied equally to all stained sections. Number 28 
of anti-CD3-stained cells was manually counted and normalized to lesion and adventitia area, 29 
respectively. All evaluations of aortic root sections were performed by a blinded observer.  30 
 31 
Thymus sections. 10-µm cryosections were cut throughout the thymus and sections were 32 
stained by hematoxylin (Cat# 1820, Histolab) and eosin (Cat# ACRO409430250, VWR). The 33 
section with the largest thymic lobe area was identified for each mouse, and further used for 34 
manual delineation of the thymic medulla and cortex (BioPix Software) by a blinded observer.     35 
 36 
Cell preparation and flow cytometry analysis of T lymphocytes. Single cells from spleen 37 
and thymus were prepared by passing the tissue through a 70 µm cell strainer (Cat# 38 
10788201, Thermo Fisher) using PBS and a syringe plunger. Erythrocytes in spleen and 39 
whole blood were lyzed in 0.16 M NH4Cl, 0.13 M EDTA and 12 mM NaHCO3, the cells were 40 
washed in flow cytometry buffer (2% fetal bovine serum and 2 mM EDTA in PBS) and 41 
counted in an automated cell counter (Sysmex). After FcR-blockage (anti-mouse 42 
CD16/CD32, BD Biosciences; 1:100, 5 µg/ml), antibodies specific for the following molecules 43 
were used: CD4 (GK1.5, Biolegend, 1:100, 2 µg/ml), CD8a (53-6.7, eBioscience, 1:100, 2 44 
µg/ml), Immunostained cells were analyzed on a FACS Canto II or Accuri C6. All instruments 45 
were from Becton Dickinson. Data were analyzed using FlowJo (Tree Star) and 46 
fluorochrome-minus-one staining was used as controls. 47 
 48 
Cell preparation and flow cytometry sorting of thymic epithelial cells (TECs). The thymi 49 
were fragmented and excess of thymocytes washed away by mechanical disruption. TECs 50 
were released by enzymatic digestion. Briefly, the thymic fragments were incubated in 51 
digestion medium: 0.5 U/mL Liberase TM (Cat#5401127001 Roche), 0.2 mg/mL DNase I 52 
(Cat# 11284932001, Roche) in DMEM/F12 at 37οC with gentle mixing for 20 min. The 53 
released cells were transferred into cold flow cytometry buffer. New pre-warmed digestion 54 
medium was added to remaining thymic fragments for two more consecutive incubations, to 55 
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completely dissolve the tissue. The released cell fractions were filtered through a 100 μm cell 1 
strainer (BD Biosciences), washed and counted. Cells from the two latter fractions were 2 
pooled and used for cell sorting. After incubation with FcR block (CD16/CD32, BD 3 
Biosciences, 1:100, 5 µg/ml), antibodies against CD45 (30-F11, BD Biosciences, 1:200, 0.5 4 
µg/ml) and EpCAM/CD326 (G8.8, BD Biosciences, 1:300, 0.7 µg/ml), were added. The cells 5 
were washed, resuspended in flow cytometry buffer to 107/mL and filtered through a 100 μm 6 
cell strainer. TECs (CD45- EpCAM+) were sorted on a SY3200 cell sorter (SONY 7 
Biotechnology Inc.). 8 
 9 
AR DNA quantification. In the ARKO mouse model exon 2 of the AR gene is excised18 and 10 
the presence of exon 2 vs. exon 3 was used to quantify the efficacy of the AR knockout. 11 
CD3+ cells were isolated from thymus using positive selection with MACS CD3 microbeads 12 
(Cat# 130-094-973, Miltenyi Biotec). gDNA from CD3+ cells and TECs (sorted as described 13 
above) was isolated using DNeasy blood and tissue kit (Cat# 69504, Qiagen) according to 14 
the manufacturer’s instructions. gDNA amplification was detected using SyBR green master 15 
mix (Cat# 4367659, Applied Biosystems) in an ABI Prism 7900HT Sequence Detection 16 
System (Applied Biosystems). The following primer pairs were used: AR exon 2; forward 17 
GGACCATGTTTTACCCATCG and reverse CCACAAGTGAGAGCTCCGTA, and AR exon 3; 18 
forward TCTATGTGCCAGCAGAAACG and reverse CCCAGAGTCATCCCTGCTT. Ct 19 
values for AR exon 2 were normalized to Ct values for AR exon 3 using the 2-ΔΔct method 22.  20 
 21 
Serum cholesterol measurement. Serum total cholesterol and triglyceride levels were 22 
determined using Infinity reagents (Cat# TR13421 and TR22421, Thermo Fisher Scientific), 23 
according to the manufacturer’s instructions.  24 
 25 
Serum testosterone by gas chromatography-tandem mass spectrometry (GC-MS/MS). 26 
Serum testosterone levels were determined using an in-house GC-MS/MS assay as 27 
previously described23.   28 
 29 
Statistics. Statistical evaluations were performed with Prism software (GraphPad Software, 30 
Inc.). All variables were tested for normal distribution (Shapiro-Wilk normality test) and 31 
equality of variances (two groups by F test and four groups by Brown-Forsythe test). For 32 
variables that passed normality and equal variance tests with or without log transformation, 33 
two-group comparisons were performed by Student’s t test and four-group comparisons with 34 
two independent variables by 2-way ANOVA followed by Sidak’s multiple comparisons test. 35 
For repeated measurements, 2-way repeated measurements- ANOVA was utilized. Data that 36 
did not pass normality or equal variance tests were analyzed using a Mann-Whitney U test 37 
(two groups) or Kruskal-Wallis test followed by Mann-Whitney U test (four groups). P-values 38 
of <0.05 were considered statistically significant. Unless otherwise specified, results are 39 
represented as mean ± SEM. 40 
 41 
 42 
 43 
 44 
 45 
 46 
 47 
 48 
 49 
 50 
 51 
 52 
 53 
 54 
 55 
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Results  1 
 2 
Increased thymus weight and peripheral T cells in testosterone-deficient male mice 3 
We first wished to confirm the effect of castration on thymus weight in male mice. Thymus 4 
weight was increased already 5 days after castration of adult mice and was almost doubled 5 
after 7 days (Figure 1A). Prepubertal castration resulted in a similar effect on thymus weight 6 
and the effect remained in older mice (Figure 1B). Analyzing gross morphology of the 7 
thymus, castration increased areas of both the thymic medulla and cortex (Figure 1C-D).  8 
 9 
We next asked whether castration affects the peripheral pool of T cells. Indeed, castration 10 
increased CD4+ T cells in blood and spleen with a similar trend for CD8+ T cells (Figure 1E-11 
F). Testosterone replacement to castrated mice reduced thymus weight (Figure 1G) and 12 
CD4+ and CD8+ T cells in spleen (Figure 1H). 13 
 14 
 15 
T cell depletion blocks increased atherogenesis in testosterone-deficient male mice 16 
To test the hypothesis of a role of T cells in castration-induced atherogenesis, we used a T 17 
cell-depleting antibody regimen combined with prepubertal castration or sham-surgery of 18 
male apoE-/- mice. In blood, the relative number of T cells was reduced by more than 60% 19 
with the antibody treatment as assessed one week after injection and the T cell depletion 20 
was essentially maintained during the 3 week injection interval (Figure 2A). The antibody had 21 
a similar effect on the number of T cells in blood in sham-operated and castrated mice 22 
(Figure 2A).  23 
 24 
There was a similar effect of castration on body weight (Supplemental Figure IA), weight of 25 
the androgen-sensitive seminal vesicles (Supplemental Figure IB), and thymus weight 26 
(Figure 2B) in isotype and anti-CD3-treated mice. Further, cholesterol levels were not 27 
significantly changed by castration or T cell depletion (Supplemental Figure IC).  28 

 29 
Assessing atherosclerosis after 11 weeks of castration/anti-CD3 antibody treatment, we 30 
found that the T cell depletion regimen per se had no effect on atherosclerosis. However, 31 
there was an interaction between surgery and antibody treatment, such that castration 32 
increased atherosclerosis versus sham controls among isotype-treated (mean difference 33 
4.8x106 µm2, 95% confidence interval 0.9x106 to 8.6x106 µm2), but not anti-CD3 treated 34 
(mean difference -0.4x106 µm2, 95% confidence interval -3.8x106 to 2.9x106 µm2) mice 35 
(Figure 2C-D).  36 
 37 
 38 
Increased thymus weight in males with depletion of the AR in epithelial cells (E-ARKO) 39 
As factors secreted by the thymic stroma are known to influence the thymic 40 
microenvironment to support T lymphopoiesis17 and the AR is expressed in thymic epithelial 41 
cells8, we hypothesized that thymic epithelial cells (TECs) are targets for AR-dependent 42 
actions on the thymus. Therefore, we generated epithelial cell-specific ARKO (E-ARKO) mice 43 
using a K5-Cre construct19 and mice with floxed AR exon 2. We bred the floxAR and K5-Cre 44 
strains with atherosclerosis-prone apoE-/- mice and created E-ARKO apoE-/- mice for studies 45 
of E-ARKO effects on atherosclerosis.  46 
 47 
The ratio of AR exon 2 to exon 3 gDNA showed 58% reduction in sorted TECs from E-ARKO 48 
mice, while it was unaffected in enriched thymic CD3+ T cells (Figure 3A-B). Body weight and 49 
weights of androgen-sensitive organs (Supplemental Figure IIA-C) as well as serum 50 
testosterone (Figure 3C) were unchanged in E-ARKO.  51 

 52 
Confirming our hypothesis, E-ARKO mice displayed increased thymic weight (Figure 3D); the 53 
effect was comparable to that found in castrated male apoE-/- mice (Figure 2B).  54 
 55 
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 1 
Increased atherosclerosis in E-ARKO male mice  2 
In line with a disease-driving mechanism, the E-ARKO apoE-/- mice displayed increased 3 
atherosclerosis (Figure 4A), which was more than doubled at 16 weeks of age (mean 4 
difference between E-ARKO and controls 1.3x107 µm2, 95% confidence interval 0.3x107 to 5 
2.4x107 µm2).In the E-ARKO apoE-/- mice, serum cholesterol or triglyceride levels were not 6 
significantly different from controls (Supplemental Figure IID-E). Analyzing other plaque 7 
composition variables in E-ARKO and control mice, we found no statistically significant 8 
differences in percent collagen nor neutral lipids or relative macrophage content of the 9 
plaque (Supplemental Table I). 10 
 11 
To address the role of the thymus for the atherosclerosis phenotype of E-ARKO apoE-/- mice, 12 
we subjected mice to thymectomy (Tx) before puberty (at 3 weeks of age) and quantified 13 
atherosclerosis at 16 weeks of age (Figure 4B-C). Indeed, Tx E-ARKO mice showed no 14 
atherosclerosis phenotype (mean difference between E-ARKO and controls 0.05x107 µm2, 15 
95% confidence interval -0.5x107 to 0.5x107 µm2). Further, Tx at this age did not per se affect 16 
the development of atherosclerosis in apoE-/- mice (Supplemental Figure III). Thus, depletion 17 
of the AR in epithelial cells leads to increased atherosclerosis, which is dependent on 18 
presence of the thymus.  19 

 20 
We next studied T cell infiltration in the vascular wall of E-ARKO mice. We performed 21 
immunohistochemistry of CD3+ T cells in aortic sections from E-ARKO and control mice, and 22 
included in the panel anti-CD18 (expressed in most leukocyte subclasses) to visualize the 23 
leukocyte-dense plaque and anti-α-actin to visualize the vascular wall. The staining revealed 24 
that T cells were infiltrating the plaque, but also to a large extent the vascular adventitia 25 
(examples shown in Figure 4D). Quantifying the number of T cells in different parts of the 26 
vascular wall, we found that the relative numbers of T cells were unchanged in the plaque, 27 
but increased in the adventitia of E-ARKO mice (Figure 4E-F).  28 
 29 
 30 
 31 
 32 
 33 
 34 
 35 
 36 
 37 
 38 
 39 
 40 
 41 
 42 
 43 
 44 
 45 
 46 
 47 
 48 
 49 
 50 
 51 
 52 
 53 
 54 
 55 
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Discussion  1 
 2 
Androgen deprivation therapy as well as castration of men with prostate cancer has been 3 
associated with increased risk of cardiovascular events3. In accordance, both castration and 4 
depletion of the AR increase atherosclerosis in male mice4. However, the target cell for the 5 
effect of testosterone/AR on atherosclerosis has remained unidentified16. Here we report that 6 
the atheroprotective effect of testosterone in male mice is T cell-dependent, and that 7 
depletion of the AR in epithelial cells results in increased thymus size and thymus-dependent 8 
atherosclerosis. Thus, our data suggest that the thymic epithelium is an important target 9 
compartment for the atheroprotective actions of testosterone.  10 
 11 
Although there has been much focus on the role of T cells in atherogenesis5, the role of the 12 
thymus and thymic processes have been surprisingly little studied. This may be due to the 13 
fact that the thymus has been considered by many to be unimportant in adult life24. The role 14 
of the thymus in T cell homeostasis and T cell-dependent disorders is indeed age-15 
dependent. Neonatal Tx affects the human peripheral T cell pool in an age-dependent 16 
manner24 and is associated with increased frequencies of immune-related disorders25. While 17 
Tx at 3 weeks of age accelerates autoimmune diabetes development in mice, Tx at 3 days or 18 
6 weeks has no such effect26. Thus, both age at Tx and time since Tx affects its 19 
immunological consequences. Tx of neonatal mice has previously been reported to protect 20 
apoE-/- mice against atherosclerosis27; in our hands, Tx at 3 weeks of age did not per se alter 21 
the development of atherosclerosis. However, after Tx at 3 weeks, E-ARKO mice showed no 22 
atherosclerosis phenotype, suggesting that the older thymus may modulate atherogenesis in 23 
certain conditions. The neutral effect per se of Tx after the neonatal period may reflect its 24 
complex role in atherogenesis, such as seeding the peripheral immune system with both pro-25 
atherogenic and atheroprotective T cell types5, 28. Similarly, both pro- and antiatherogenic 26 
subtypes of T cells are deleted by an anti-CD3 antibody5, which may explain why this T cell 27 
depletion regimen per se did not result in altered atherosclerosis burden in the present study. 28 
However, T cell depletion abolished the effect of castration on atherosclerosis, paralleling the 29 
effects of Tx in E-ARKO.  30 
 31 
There are several plausible mechanisms linking the AR in TECs to atherosclerosis: i) As 32 
thymus size, which was increased in E-ARKO, is an important determinant of thymic output 33 
of T cells29, it is possible that an increased output of pro-atherogenic T cells to the periphery 34 
may increase vascular inflammation and thereby atherosclerosis. Of note, we found 35 
increased numbers of T cells in the vascular adventitia of E-ARKO mice, a compartment that 36 
also harbors the majority of T cells in human early atherosclerosis30. ii) Recent thymic 37 
emigrants, i.e. immature T cells that derive from the thymus and continue their maturation to 38 
mature naïve T cells in peripheral lymphoid organs31, may play a specific role in immune 39 
disorders beyond childhood31, in keeping with the importance of the adult thymus24, 28. 40 
Although still incompletely mapped, certain properties of recent thymic emigrants such as 41 
improved access to peripheral sites of inflammation may potentially make them more pro-42 
atherogenic than mature naïve T cells31-33 and may be highly relevant in an atherosclerosis 43 
setting. iii) Other thymic processes could also be implicated in the atherosclerosis phenotype 44 
of E-ARKO mice, as negative selection, formation of regulatory T cells, and other processes 45 
that also are governed by TECs34. However, a general effect on negative selection processes 46 
may be less likely, as it previously has been suggested to be unaltered in the E-ARKO 47 
model35. Further studies should decipher the nature of the connection between TEC function 48 
in general, and AR activation in TECs in particular, and atherogenesis.  49 
 50 
Testosterone is the most important sex steroid hormone in males and plays a major role for 51 
male health and ageing36. Prostate cancer is the most common form of cancer in men, and 52 
androgen-targeting treatment regimens have been associated with increased cardiovascular 53 
risk3. Indeed, cardiovascular disease rather than prostate cancer is the leading cause of 54 
death among men with prostate cancer37, highlighting the need for more specific hormonal 55 
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therapies. The development of SARMs is ongoing14, but requires increased background 1 
understanding of the specific target cells of androgens. Therefore, identification of the 2 
androgen target cell(s) for the protection from atherosclerosis can have major future clinical 3 
implications.  4 
 5 
In conclusion, we show that atherogenesis induced by testosterone deficiency or abrogation 6 
of AR is thymus- and T cell-dependent in male mice and that the thymic epithelial cell is a 7 
likely target cell for the anti-atherogenic actions of testosterone. These insights may pave the 8 
way for new therapeutic strategies for safer endocrine treatment of prostate cancer. 9 
 10 
 11 
 12 
 13 
 14 
 15 
 16 
 17 
 18 
 19 
 20 
 21 
 22 
 23 
 24 
 25 
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 30 
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Highlights 1 
 2 

• Testosterone deficiency induced by prepubertal castration of male apoE-/- mice 3 
increased atherosclerotic lesion area. Depletion of T cells using an anti-CD3 antibody 4 
abolished castration-induced atherogenesis, demonstrating a role of T cells.  5 

 6 
• Male mice with depletion of the AR (the receptor for testosterone) specifically in 7 

epithelial cells (E-ARKO mice) showed increased thymus weight, comparable to that 8 
of castrated mice. E-ARKO mice on an apoE-/- background displayed significantly 9 
increased atherosclerosis, which was absent in mice subjected to prepubertal 10 
thymectomy.  11 
 12 

• In summary, we show that atherogenesis induced by testosterone/AR deficiency is 13 
thymus- and T cell-dependent in male mice and that the thymic epithelial cell is a 14 
likely target cell for the anti-atherogenic actions of testosterone.  15 
 16 

• These insights may pave the way for new therapeutic strategies for safer endocrine 17 
treatment of prostate cancer. 18 
 19 

 20 
 21 
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 27 
 28 
 29 
 30 
 31 
 32 
 33 
 34 
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 38 
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Figure legends 1 
 2 
 3 
 4 
Figure 1. Increased thymus weight and peripheral T cells in testosterone-deficient 5 
male mice. (A) Adult male C57BL/6J mice were castrated (ORX) or sham-operated and 6 
thymus weight recorded at 3, 5 and 7 days after surgery. **P<0.01, ****P<0.0001 vs 7 
corresponding sham group (Student´s t test). N=6/group. (B-D) Male apoE-/- mice were 8 
sham-operated (n=5) or castrated (ORX, n=4) or at 4 weeks of age and thymus collected at 9 
34 weeks of age. (B) Thymus weight. **P<0.01 vs sham group (Student´s t test). (C) 10 
Representative thymus sections from sham-operated and castrated mice, stained by 11 
hematoxylin-eosin; scale bar = 400 µm. (D) Quantification of areas of thymic medulla and 12 
cortex.  *P<0.05 vs sham (Student´s t test). (E) Male apoE-/- mice were sham-operated 13 
(n=14) or castrated (ORX; n=14) at 4 weeks of age and percent CD4+ and CD8+ T cells in 14 
blood analyzed by flow cytometry at 11 weeks of age. *P<0.05 vs sham (Student´s t test). (F) 15 
Male apoE-/- mice were sham-operated (n=14) or castrated (ORX; n=12) at 4 weeks of age 16 
and CD4+ and CD8+ T cells in spleen analyzed by flow cytometry at 16 weeks of age. 17 
**P<0.01 vs sham (Student´s t test). (G-H) Male C57BL/6J mice were castrated (ORX) at 8 18 
weeks of age and treated with vehicle (P; n=6) or a physiological testosterone dose (T; n=7) 19 
for 4 weeks. (G) Thymus weight at 12 weeks of age. **P<0.01 vs sham (Mann-Whitney U 20 
test). (H) CD4+ and CD8+ T cells in spleen analyzed by flow cytometry at 12 weeks of age. 21 
*P<0.05 vs sham (Mann-Whitney U test) **P<0.01 vs sham (Student´s t test). Bars indicate 22 
means, error bars indicate SEM; circles represent individual mice.                 23 
 24 
 25 
 26 
Figure 2. T cell depletion blocks increased atherogenesis in testosterone-deficient 27 
male mice. (A) Fraction of blood T cells (CD4+ and CD8+) at 1 and 3 weeks post injection of 28 
anti-CD3 antibody or isotype control in sham-operated (Sham) or castrated (ORX) male 29 
apoE-/- mice (Sham isotype n=14, ORX isotype n=14, Sham anti-CD3 n=15, ORX anti-CD3 30 
n=15). Data were analyzed by two-way repeated measurements ANOVA followed by Sidak’s 31 
multiple comparisons test; ****P<0.0001 (effect of antibody treatment in Sham and ORX 32 
groups at both time points). (B) Thymus weight at 16 weeks of age in vehicle treated and 33 
anti-CD3 treated sham-operated or castrated male apoE-/- mice fed a normal chow diet 34 
(Sham isotype n=14, ORX isotype n=12, Sham anti-CD3 n=15, ORX anti-CD3 n=13). 35 
Surgery was performed at 4 weeks of age and antibody injections given from 5 weeks of age, 36 
with 3-week intervals. Data were analyzed by two-way ANOVA (effect of surgery and 37 
antibody treatment; P<0.01) followed by Sidak’s multiple comparisons test (****P<0.0001 38 
effect of surgery). (C-D) Atherosclerotic lesion size at 16 weeks of age in sections collected 39 
at 200, 400, 600 and 800 µm from the aortic cusps (Sham isotype n=14, ORX isotype n=12, 40 
Sham anti-CD3 n=10, ORX anti-CD3 n=11) and representative pictures of Oil-Red-O staining 41 
of aortic root sections; scale bar = 200 µm. Data were analyzed by two-way ANOVA 42 
(interaction; P<0.05) followed by Sidak’s multiple comparisons test (*P<0.05 effect of surgery 43 
in isotype-treated mice). Bars indicate means, error bars indicate SEM; circles represent 44 
individual mice.  45 
 46 
 47 
 48 
 49 
 50 
 51 
 52 
 53 
 54 
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 1 
 2 
 3 
 4 
Figure 3. Increased thymus weight in males with depletion of the AR in epithelial cells 5 
(E-ARKO) (A) Gating strategy for sorting thymic epithelial cells (TECs). (B) Assessment of 6 
AR knockout by measurement of exon2 gDNA in control (K5-Cre+) and E-ARKO mice, in 7 
enriched CD3+ T-cells from thymus (control n=10 and E-ARKO n=10) and sorted TECs 8 
(control n=4 and E-ARKO n=4). *P<0.05 (Mann-Whitney U test). (C) Serum testosterone 9 
assessed by GC-MS/MS in 18-19 wk old control (n=10) and E-ARKO mice (n=7). (D) 10 
Thymus weight of control (K5-Cre+; n=11) and E-ARKO (n=8) apoE-/- mice at 16 weeks of 11 
age. ****P<0.0001 (Student´s t test). Bars indicate means, error bars indicate SEM; circles 12 
represent individual mice. 13 
 14 
 15 
 16 
Figure 4. Increased atherosclerosis in E-ARKO male mice. (A-B) Quantification of 17 
atherosclerotic lesion size in sections collected at 200, 400, 600 and 800 µm from the aortic 18 
cusps, of intact control (n=9) and E-ARKO (n=9) apoE-/- mice (A) and from thymectomized 19 
control (n=20) and E-ARKO (n=15) apoE-/- male mice (B) at 16 weeks of age. The mice were 20 
fed a normal chow diet. *P<0.05 (Mann-Whitney U test). (C) Representative pictures of Oil-21 
Red-O staining of aortic root sections; scale bar = 200 µm. (D) Representative pictures of 22 
CD3-staining of aortic root sections from control and E-ARKO mice; CD3 (pink), smooth 23 
muscle α-actin (yellow), CD18 (cyan), nuclear stain (DAPI, blue); scale bar = 100 µm. Upper 24 
panels: vessel media appear yellow, atherosclerotic lesions with dense CD18-staining 25 
appear cyan. Lower panels: magnification of area marked by a square in the upper panels; 26 
staining of T cells (pink) in the vascular adventitia (left part of image). (E-F) Quantification of 27 
CD3+ T cell number in atherosclerotic lesions and adventitia in aortic root sections (one 28 
section/mouse at 280 µm from the aortic cusps) from control (n=9) and E-ARKO (n=10) 29 
apoE-/- mice. a.u.; arbitrary units.**P<0.01 (Student´s t test). Bars indicate means, error bars 30 
indicate SEM; circles represent individual mice. 31 
 32 
 33 
 34 
 35 
 36 
 37 
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Supplemental Figure I. Body weight, weight of seminal vesicles and serum cholesterol 
levels after castration and T cell-depletion. (A) Mean body weight of isotype control-
treated and anti-CD3 treated sham-operated or castrated (ORX) male apoE-/- mice during 
the study. Body weight at 16 weeks was analyzed by 2-way ANOVA (effect of surgery 
P<0.0001; effect of antibody treatment not significant). (B) Weight of seminal vesicles at 16 
weeks of age. ****P<0.001 vs. corresponding sham group (Kruskal-Wallis followed by Mann-
Whitney test). (C) Serum cholesterol levels analyzed at 16 weeks of age. Data were 
analyzed by 2-way ANOVA (not significant). Numbers of mice in A-C: Sham isotype n=13-14, 
ORX isotype n=11-12, Sham anti-CD3 n=15, ORX anti-CD3 n=13. Bars indicate means, 
error bars indicate SEM; circles represent individual mice. 
 
 
 
 



 
 

 
 
 
 
 
Supplemental Figure II. Body weight, weight of seminal vesicles and testes and serum 
cholesterol and trigyceride levels in E-ARKO mice. (A-C) Body weight, weights of 
seminal vesicles and testes at 16 weeks of age in intact control (K5-Cre+; n=11) and E-ARKO 
(n=11) apoE-/- mice. Data were analyzed by Student´s t test (not significant). (D-E) 
Cholesterol and triglyceride levels were analyzed at 16-18 weeks of age in serum from intact 
control (K5-Cre+; n=14-15) and E-ARKO (n=15-16) apoE-/- mice. Data were analyzed by 
Student´s t test (not significant). Bars indicate means, error bars indicate SEM; circles 
represent individual mice.  
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Supplemental Figure III. Effect of thymectomy at 3 weeks of age on atherosclerosis in 
apoE-/- mice. Atherosclerotic lesion size measured over 200-800 µm from the aortic cusps in 
intact (n=11) and thymectomized (n=11) male apoE-/- mice at 16 weeks of age. Data were 
analyzed by Student´s t-test (not significant). Bars indicate means, error bars indicate SEM; 
circles represent individual mice.  
 
 
 
 
 
 
 
 
 
 
 
 
 
  



 
 
 
 
Supplemental Table I. Plaque composition in E-ARKO apoE-/- mice   

Stain Control   E-ARKO  P-value 
Lipids (Oil-Red-O; 0 µm) 47±5 % 53±3 % 0.31 
Collagen (Masson’s Trichrome; 240 µm) 6±2 % 11±3 % 0.06 
Macrophages (Mac2; 80µm) 45±4 % 45±4 % 0.93 
 

Cryosections from the aortic root were analyzed in control (K5-Cre+; n=8-10) and E-ARKO 
apoE-/- mice (n=10) at 16 weeks of age. Collagen content was determined after staining with 
Masson’s trichrome, macrophage content after immunostaining for Mac-2, and neutral lipid 
after Oil Red O staining. Values represent mean ± SEM. P values were obtained by 
Student´s t test. %; percent of plaque area. 
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