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Abstract 1 

Testosterone has profound immune-modulatory actions, which may be important for the sexual 2 

dimorphism in immune-related disorders, such as autoimmune diseases. A well-known effect of 3 

androgens is inhibition of bone marrow B lymphopoiesis; however, a plausible target cell for this effect 4 

has not yet been presented. The aim of this study was to determine the target cell for androgen-mediated 5 

regulation of bone marrow B lymphopoiesis in males. We confirm higher number of bone marrow B cells 6 

in male mice with global inactivation of the androgen receptor (AR) and these G-ARKO mice had 7 

increased number of B cell precursors from the pro-B stage. Since osteoblast-lineage cells are known to 8 

support B lymphopoiesis at the pro-B stage, we investigated the effect on B lymphopoiesis in osteoblast-9 

lineage cell-specific ARKO (O-ARKO) mice; O-ARKO mice had increased number of B cells in the bone 10 

marrow and the number of B cell precursors was increased from the pro-B stage, demonstrating that O-11 

ARKO mimics the bone marrow B lymphopoiesis pattern of G-ARKO mice. By contrast, O-ARKO mice 12 

displayed only minor changes in B cell numbers in the splenic compartment compared to G-ARKO. 13 

Further, O-ARKO mice had moderately reduced number of bone trabeculae in the vertebrae while cortical 14 

bone was unaffected. In conclusion, androgens exert inhibitory effects on bone marrow B lymphopoiesis 15 

in males by targeting the AR in osteoblast-lineage cells. The identification of the likely target cell for 16 

androgen-mediated regulation of bone marrow B lymphopoiesis will contribute to elucidation of the 17 

mechanisms by which androgens modulate immune-related disorders. 18 
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Introduction 1 

The sex difference in the pathogenesis of many immune-related disorders, such as autoimmune diseases 2 

(1), may be related to the profound immune-modulatory actions of sex hormones. While the complex 3 

actions of estrogens in the immune system have been studied in considerable detail (2), less attention has 4 

been focused on the actions of androgens, which also are powerful regulators in the immune system (3). 5 

For example, androgens modulate humoral immunity (4-6) and bone marrow B lymphopoiesis in males 6 

(6-13).  7 

 8 

Identification of the target cells for the diverse actions of sex hormones may provide important insight as 9 

well as tools to elucidate the specific roles of sex hormones in immune-related disorders. Several studies 10 

have attempted to dissect how androgens suppress bone marrow B lymphopoiesis, e.g. by using mouse 11 

models of androgen deficiency (castration) or androgen receptor (AR) knockout (ARKO) mice (6,11). 12 

However, the results are contradictory and a plausible mechanism for the regulation of B lymphopoiesis 13 

by androgens has not been presented. For example, there are conflicting data whether this is an intrinsic 14 

effect of the hematopoietic compartment or an extrinsic effect mediated via non-hematopoietic stromal 15 

cells (6,11).   16 

 17 

The aim of this study was to determine the target cell for androgen-mediated regulation of B 18 

lymphopoiesis in male mice. Based on previous data identifying osteoblast-lineage cells as important 19 

regulators of B lymphopoiesis (11,14), we hypothesized that androgens regulate bone marrow B 20 

lymphopoiesis by targeting cells of the osteoblast lineage.   21 
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Material and Methods 1 

Animals 2 

Mice carrying on their X chromosome an AR gene with a floxed exon 2 were generated as previously 3 

described (15). To produce global androgen receptor knockout (G-ARKO) male mice, female mice 4 

heterozygous for the floxed AR allele were mated with male mice expressing the Cre recombinase 5 

ubiquitously under the control of the strong phosphoglycerate kinase (Pgk) promoter (Pgk-Cre+ mice) (16) 6 

as previously described (15,17). Osteoblast-lineage cell-specific ARKO male mice (O-ARKO) were 7 

generated by breeding AR+/flox female mice with male osterix (Osx1)-Cre+ mice (Jackson laboratory, Bar 8 

Harbor, Maine, USA) (18). In these mice, Cre is expressed from the osteoprogenitor stage resulting in 9 

deletion of AR in osteoprogenitors as well as osteoblast precursors, mature osteoblasts and osteocytes that 10 

stem from the osteoprogenitors (18).  Due to effects on the skeleton and body weight of Osx1-Cre (19,20), 11 

Cre+ littermates without the ARflox construct were used as controls for the experiments. We assessed 12 

presence of AR, Cre, and Zfy (for gender) by PCR amplification of genomic DNA (15). In all experiments 13 

the ARKO mice were compared to littermate controls and all mice were on C57BL/6J background.  14 

The mice were housed in a temperature- and humidity-controlled room with a 06:00–18:00 h light cycle 15 

and fed a soy-free diet (R70, Lantmännen, Stockholm, Sweden) and tap water ad libitum. Due to 16 

congenital malocclusion resulting in growth retardation in Osx1-Cre+ mice, Osx1-Cre+ controls and O-17 

ARKO mice were fed soaked chow and their teeth were cut to maintain chewing ability. The Ethics 18 

Committee on Animal Care and Use in Gothenburg approved all procedures. 19 

 20 

Tissue collection and cell isolation 21 

All mice were sacrificed at 10–14 weeks of age. The mice were anesthetized (Isoflo® vet, Orion Pharma 22 

animal health, Sollentuna, Sweden) and then perfused with saline at physiological pressure. Bone marrow 23 

was flushed out from one femur and cells were kept in PBS on ice. Further, tissues were dissected and 24 

either snap-frozen in liquid nitrogen for DNA quantification or fixed in formaldehyde for bone 25 

morphometry.  26 
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Single cell preparation and immunophenotyping by flow cytometry 1 

Bone marrow cells were washed with PBS and put on ice until the total number of nucleated cells was 2 

determined using an automated cell counter (Sysmex, Kobe, Japan). Expression of cell surface markers 3 

was detected using fluorochrome conjugated antibodies following Fc-blockage (CD16/CD32): B220, 4 

CD19, CD25, CD43, CD93, c-kit (CD117), and IgM for bone marrow B cell precursors; and CD19, 5 

CD21, CD23, CD43, and CD93 for splenic B cells (Supplemental Antibody Table). Fluorochrome-minus-6 

one was used as control. Cells were analyzed by FACSCantoII or Accuri (BD Bioscience, San Jose, CA, 7 

USA) and data were analyzed using FlowJo software (Three Star Inc., Ashland, VA, USA). The gating 8 

strategies, using established markers for the B cell populations in bone marrow and spleen (21-23), are 9 

presented in Supplemental Figures 1A-B. Hematopoietic cell subsets were defined using forward and side 10 

scatter to assess cell size and granularity; lymphocytes, monocytes and granulocytes were separated as 11 

presented in Supplemental Figure 2.   12 

 13 

DNA quantification 14 

As exon 2 of the AR gene is excised in the ARKO mouse model (15), quantification of exon 2 vs. 3 was 15 

used to assess the efficacy and specificity of the cell-specific AR deletion. Genomic (g) DNA from 16 

organs/tissues was isolated using DNeasy blood and tissue Kit (Qiagen) according to the manufacturer’s 17 

instructions. gDNA amplification was detected using SyBR green master mix (Qiagen) in an ABI Prism 18 

7900HT Sequence Detection System (Applied Biosystems). The following primer pairs were used: AR 19 

exon 2; forward GGACCATGTTTTACCCATCG and reverse CCACAAGTGAGAGCTCCGTA, and AR 20 

exon 3; forward TCTATGTGCCAGCAGAAACG and reverse CCCAGAGTCATCCCTGCTT. Ct values 21 

for AR exon 2 were normalized to Ct values for AR exon 3 using the 2-ΔΔct method (24). 22 

  23 

Bone morphometry by high-resolution μCT  24 

High-resolution micro–computed tomography (μCT) analyses were performed on the distal femur and 25 

lumbar vertebrae (L5) by using an 1172 model μCT (Bruker micro-CT, Aartselaar, Belgium). The bone 26 
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was imaged with an X-ray tube voltage of 50 kV and current of 201 μA, with a 0.5-mm aluminum filter. 1 

The scanning angular rotation was 180° and the angular increment 0.70°. The voxel size was 4.48 μm 2 

isotropically. The NRecon (version 1.6.9) was employed to perform the reconstruction following the 3 

scans. In the femur, the trabecular bone proximal to the distal growth plate was selected for analyses 4 

within a conforming volume of interest (cortical bone excluded) commencing at a distance of 426.5 μm 5 

from the growth plate, and extending a further longitudinal distance of 134.5 μm in the proximal direction. 6 

Cortical measurements were performed in the diaphyseal region of the femur starting at a distance of 5.08 7 

mm from the growth plate and extending a further longitudinal distance of 448.5 μm in the proximal 8 

direction. For BMD analysis, the equipment was calibrated with ceramic standard samples. In the 9 

vertebra, the trabecular bone in the vertebral body caudal of the pedicles was selected for analyses within 10 

a conforming volume of interest (cortical bone excluded) commencing at a distance of 4.48 μm caudal of 11 

the lower end of the pedicles, and extending a further longitudinal distance of 134.5 μm in the caudal 12 

direction. Trabecular thickness and separation were calculated by the sphere-fitting local thickness 13 

method.   14 

 15 

Dual Energy X-ray Absorptiometry (DXA) 16 

Analyses of total body areal bone mineral density (aBMD) and bone mineral content (BMC) were 17 

performed by DXA using the Lunar PIXImus mouse densitometer (Wipro GE Healthcare, Madison, WI, 18 

USA)(25). 19 

 20 

Bone turnover markers 21 

The bone formation markers osteocalcin and bone resorption marker C-terminal cross-linked telopeptide 22 

of collagen type I (CTX-I) were measured in serum using ELISA kits (Mouse Osteocalcin ELISA kit, 23 

#60-1305, Immutopics Inc., San Clemente, CA, USA; RatLapsTM EIA, Immunodiagnostic Systems Ltd, 24 

Boldon, United Kingdom) according to the manufacturer’s instructions.  25 

 26 
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Statistical analyses 1 

All data represent mean ± SEM. Statistical evaluations were performed with Prism software (version 6, 2 

GraphPad Software, Inc., San Diego, CA, USA) and the non-parametrical Mann-Whitney U test was used 3 

for two-group comparisons. A p-value of <0.05 was considered statistically significant.   4 
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Results 1 

Increased bone marrow B lymphopoiesis in mice with global deletion of the androgen receptor (G-2 

ARKO) 3 

To confirm the importance of the AR for B lymphopoiesis in males, we first analyzed the bone marrow 4 

from mice with a global deletion of the AR (G-ARKO). There were an increased number of lymphocytes 5 

and a reduced number of granulocytes, while the total number of cells in the femoral bone marrow did not 6 

differ between G-ARKO and Pgk-Cre+ littermate controls (Supplemental Figure 2 and Supplemental 7 

Table 1).  8 

The number of B220+CD19+ B cells in the bone marrow of G-ARKO was increased compared to controls 9 

(+80%, Figure 1A). Analyzing the different subsets of B cell precursors in G-ARKO vs. control bone 10 

marrow (Figure 1B-C), the number of  pre-pro-B cells was unchanged, while the numbers of pro-B cells 11 

(+128%), large pre-B cells (+110%), small pre-B cells (+108%), and immature B cells (+94%) all were 12 

significantly increased. Thus, G-ARKO mice had increased number of B cell precursors from the pro-B 13 

stage. 14 

 15 

Characteristics of osteoblast-lineage cell-specific ARKO (O-ARKO) mice 16 

Since osteoprogenitors/osteoblasts are known to support B lymphopoiesis at the pro-B cell stage (14,26), 17 

we hypothesized that androgens may exert their effect on B lymphopoiesis by targeting these cells. We 18 

therefore generated and characterized osteoblast-lineage cell-specific ARKO (O-ARKO) male mice. 19 

Analyzing the efficiency of AR deletion in these mice, we observed a 50% reduction of AR gDNA in the 20 

femur shaft of O-ARKO mice vs. Osx1-Cre+ littermate controls (Figure 2A), confirming a satisfactory 21 

deletion of AR in osteoblast-lineage cells. We could also corroborate a tissue-specific deletion, as none of 22 

the other analyzed tissues showed reduced AR gDNA levels (Supplemental Figure 3).  23 

To assess the androgen status of G- and O-ARKO mice, we recorded the wet weights of the seminal 24 

vesicles and the testes. As previously published (15), the male G-ARKO mice had much lower seminal 25 

vesicle and testes wet weights compared to littermate controls, displaying a general androgen insensitivity 26 
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phenotype (Figure 2B). In O-ARKO, the seminal vesicle and testis weights did not differ from control 1 

mice (Figure 2B), indicating a normal androgen level and peripheral AR action in these mice.  2 

Androgens are important regulators of bone homeostasis in males, and androgen/AR-deficient male mice 3 

are osteopenic, with a reduction of both trabecular and cortical bone mass (27). To verify the effects on 4 

bone in O-ARKO, trabecular and cortical bone parameters were analyzed. The trabecular number, 5 

assessed by μCT, was significantly reduced in vertebrae (Figure 2C-D) and a similar non-significant trend 6 

was observed in femur in O-ARKO compared to control mice (Figure 2C). In contrast, neither cortical 7 

bone mass, as indicated by femoral cortical bone thickness (Figure 2E) and cortical volumetric BMD 8 

(Supplemental Table 2), nor trabecular thickness in vertebrae/femur (Supplemental Table 2) were 9 

significantly affected in O-ARKO mice. Analyses of aBMD and BMC using DXA, by which trabecular 10 

and cortical bone compartments cannot be separated, did not reveal any significant reduction in bone mass 11 

in O-ARKO mice (Table S2). Bone turnover was assessed by measuring serum concentration of 12 

osteocalcin and CTX-I (type I collagen fragments), which are markers for bone formation and resorption, 13 

respectively. O-ARKO mice had increased serum levels of both osteocalcin and CTX-I in serum 14 

compared to control mice (Figure 2F), suggesting an elevated bone turnover in O-ARKO mice. Taken 15 

together, AR deficiency in osteoblast-lineage cells moderately reduced the number of bone trabeculae in 16 

the vertebrae while cortical bone mass was unaffected, supporting the notion that AR in osteoblast-lineage 17 

cells is involved in the regulation of trabecular but not cortical bone homeostasis (27). 18 

 19 

O-ARKO mimics the bone marrow B lymphopoiesis pattern of G-ARKO mice 20 

We next evaluated bone marrow B lymphopoiesis in O-ARKO male mice. Analyzing the bone marrow of 21 

O-ARKO mice vs. littermate controls (Osx1-Cre+), O-ARKO mice had increased number of B 22 

lymphocytes (+60%, Figure 3A) in the bone marrow. Further, the total cell number was increased in bone 23 

marrow of O-ARKO mice, with increased number of lymphocytes but unaltered number of granulocytes 24 

compared to controls (Supplemental Figure 2 and Supplemental Table 1).  25 
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The O-ARKO mice had an increased number of B cell precursors from the pro-B stage (Figure 3B-C); the 1 

number of pre-pro-B cells was unchanged, while the numbers of pro-B cells (+54%), large pre-B cells 2 

(+65%), small pre-B cells (+79%), and immature B cells (+66%) all were significantly increased. Thus, an 3 

osteoblast-lineage cell-specific deletion of AR mimics the bone marrow B lymphopoiesis pattern of G-4 

ARKO. 5 

 6 

Increased splenic B lymphopoiesis in G-ARKO but not O-ARKO mice 7 

We next assessed the splenic B cell pools in the G-ARKO and O-ARKO mice. Compared to littermate 8 

controls (Pgk-Cre+), G-ARKO mice had a doubling of the number of splenic B cells (+233%, Figure 4A). 9 

All different subsets of splenic B cells were increased in G-ARKO, albeit to a varying degree (Figure 4B-10 

C); T1 immature B cells were increased by 289%, T2 immature B cells by 231%, follicular B cells by 11 

114%, marginal zone B cells by 110%, and B1 cells by 141%. By contrast, the O-ARKO mice had an 12 

unchanged total B cell number in spleen compared to control mice (Figure 4D). Analyzing the different B 13 

cell subsets in spleen of O-ARKO, only the immature B cells were modestly increased (Figure 4E-F): T1 14 

immature B cells were increased by 61% and T2 immature B cells by 53%, while the mature B cell 15 

subsets were unaffected. Thus, G-ARKO mice had elevated number of both immature and mature B cell 16 

subsets in the spleen while O-ARKO mice only a showed minor increase in the immature subsets.  17 
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Discussion 1 

In this study, we have addressed the controversial question of the target cell responsible for the androgen-2 

mediated regulation of bone marrow B lymphopoiesis in males (6,11). We show that depletion of the AR 3 

in cells of the osteoblast-lineage results in increased bone marrow B lymphopoiesis, demonstrating a 4 

central role for the AR in osteoblast-lineage cells.  5 

 6 

Previously published data on androgen- and AR-mediated inhibition of bone marrow B lymphopoiesis are 7 

consistent (6-11). However, there have been conflicting reports regarding the target cell(s) for this effect. 8 

Altuwaijri et al. suggested the effect to be B cell-intrinsic, using a B cell-specific ARKO mouse (CD19-9 

driven Cre expression) (6). In contrast, Olsen et al. suggested a non-hematopoietic target cell, using a bone 10 

marrow transplantation approach (11). Our present data support the notion of a non-hematopoietic target 11 

cell. Furthermore, we could specify that AR in osteoblast-lineage cells regulates bone marrow B 12 

lymphopoiesis. As the O-ARKO bone marrow B lymphopoiesis pattern mimics that of G-ARKO, our data 13 

clearly show that the osteoprogenitor/osteoblast niche is a likely target for this androgen-mediated effect. 14 

Our data are supported by previous studies demonstrating a pivotal role of osteoblast-lineage cells 15 

supporting B lymphopoiesis (14,26,28-31). The exact mechanism for androgen/AR regulation of B 16 

lymphopoiesis remains to be elucidated, but cytokines (such as IL-7, SCF, or CXCL12) known to be 17 

secreted from the osteoblast-lineage cells are candidates for mediating the suppressive effect (14,32). 18 

 19 

While previous studies have addressed androgenic suppression of bone marrow B lymphopoiesis, few of 20 

them have evaluated the effect on the progressive stages of developing B cells in the bone marrow. The 21 

present results clearly show a regulation at the pro-B stage (delineated as B220+CD19+c-kit+, using 22 

markers and nomenclature from Osmond, Rolink, and Melchers (21)), in both G-ARKO and O-ARKO 23 

mice. Our data are consistent with a previously published report, demonstrating an inhibitory effect of 24 

androgens at the pro-B stage (10). In contrast, Altuwaijri et al. suggested an AR-mediated effect from the 25 

pre-B stage (delineated as B220+CD2+IgM-)(6). This discrepancy might originate from the use of different 26 
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markers and/or nomenclature of B cell progenitors in these studies. Notably, our data are supported by the 1 

fact that osteoblast-lineage cells nurse B cell progenitors at the pro-B stage (29-31).  2 

 3 

In the present study, we found that G-ARKO mice had unchanged total number of bone marrow nucleated 4 

cells, while these were increased in the O-ARKO model. Therefore, we analyzed the number of cells in 5 

other hematopoietic cell populations. While the use of forward and side scatter for the definition of bone 6 

marrow cell subsets should be considered as a study limitation, our finding of reduced number of 7 

granulocyte-like cells in the bone marrow of G-ARKO mice is in line with a previously published report 8 

showing that G-ARKO mice are neutropenic and have reduced granulopoiesis (33). Because this effect on 9 

bone marrow granulocyte number was not seen in O-ARKO mice, differential effects on granulopoiesis in 10 

the G-ARKO and O-ARKO models may contribute to the discrepancy in total bone marrow cell number. 11 

Further, these data suggest that the bone marrow granulopenia in AR deficiency is less likely to be 12 

osteoblast-lineage cell-dependent.  13 

 14 

Our data showing that G-ARKO mice have increased number of B cells in spleen is consistent with 15 

previously published data that androgen- and AR-deficiency increase peripheral B cell number (6,7,10). 16 

However, despite increased B lymphopoiesis, AR deficiency specifically in osteoblasts neither altered the 17 

total splenic B cell number nor the mature B cell number. The fact that we have not identified the 18 

mechanism for the regulation of peripheral B cell number is a limitation of the present study. Of note, 19 

similar findings, i.e. that targeting of the osteoblast niche severely alters B lymphopoiesis in the bone 20 

marrow while the peripheral B cell number remains unaffected, has been reported by others (30). Our 21 

results suggest that additional target cells and/or mechanisms support the increased number of peripheral 22 

B cells in androgen/AR-deficient states. However, to our knowledge, there are no published data on 23 

suggestive mechanisms. Future mechanistic studies may address e.g. increased homing of developing B 24 

cells to the spleen as well as increased survival of peripheral B cells in androgen/AR deficiency. Further, a 25 
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potential role of splenic stromal cells, which are important regulators of peripheral B cell homeostasis 1 

(34), should be considered in future studies. 2 

 3 

In the present study, we found that AR deficiency in osteoblast-lineage cells moderately reduced the 4 

number of bone trabeculae in the vertebrae while cortical bone mass was unaffected. As the cortical bone 5 

compartment is more important than the trabecular bone compartment for overall bone mass, it is not 6 

surprising that the total body BMC as analyzed by DXA was not significantly affected in the O-ARKO 7 

mice. Our data are consistent with results from previous cell-specific ARKO models (recently reviewed 8 

(27)), which have been generated to evaluate the effects of AR in osteoblasts and osteocytes, respectively. 9 

These models show a role of the AR in mature osteoblast-lineage cells for trabecular but not cortical bone 10 

(35-37). Our data add to previous results by comprising the immature osteoblast-lineage cells; hence, AR 11 

neither in early osteoprogenitors cells nor in mature osteoblast-lineage cells has an impact on cortical 12 

bone. O-ARKO mice had elevated serum levels of markers for both bone formation and bone resorption, 13 

suggesting that the reduced trabecular number primarily is the result of elevated bone resorption. Taken 14 

together, the present and previous results demonstrate that trabecular bone is regulated by AR in 15 

osteoblast-lineage cells, while the target cell for AR-mediated effects on cortical bone mass is still to be 16 

identified (27,38).   17 

 18 

The bone and the bone marrow are intimately connected, both spatially and functionally, and androgens 19 

have a major impact on both tissues. B lymphocytes are thought to contribute to the bone loss caused by 20 

sex steroid deficiency (38), which is supported by the concurrent bone loss and increased bone marrow B 21 

lymphopoiesis after castration and IL-7 treatment, respectively. Immature, but not mature, B cells are 22 

suggested to mediate the osteopenic effect through RANKL, and RANKL-deficient B cells cannot induce 23 

bone loss after castration. Additional investigations are needed to evaluate if the osteoblast-lineage cell-24 

specific AR effect on trabecular bone is mediated via inhibition of B lymphopoiesis. Further, it is yet 25 

unclear if and how B cell-intrinsic androgen signaling may affect cortical and/or trabecular bone.  26 
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 1 

The fact that androgen deficiency in men is associated with increased risk of autoimmunity indicates a 2 

clinically important role of androgens in regulating autoimmunity (39,40). This effect of androgen 3 

deficiency is mirrored in rodent experimental models of autoimmune disease (41,42). To date, the 4 

androgenic actions resulting in protection from autoimmunity remain unclear. However, it is reasonable to 5 

believe that the observed protection against autoimmunity may somehow be related to the actions of 6 

androgens as potent regulators of B cell homeostasis in both humans and rodents (13).  Our novel finding 7 

that androgens regulate B lymphopoiesis by targeting osteoblast-lineage cells provides an experimental 8 

research tool (the O-ARKO model) to delineate the relation between androgen deficiency-induced 9 

increased bone marrow B lymphopoiesis and autoimmune disorders. Although such a link would be not 10 

mediated via an increased mature B cell number in the periphery (unchanged in O-ARKO), important 11 

clonal deletion and receptor editing of self-reactive B cells occur in the bone marrow, and defects in this 12 

checkpoint may cause autoimmunity (43).  13 

 14 

In conclusion, androgens exert inhibitory effects on B lymphopoiesis in males by targeting the AR in the 15 

osteoblast-lineage cells. The identification of the likely target cell for androgen-mediated regulation of 16 

bone marrow B lymphopoiesis will contribute to elucidation of the mechanisms by which androgens 17 

regulate immune-related disorders.  18 



15 
 

Acknowledgements 1 

The authors thank Annelie Carlsson and Inger Johansson for excellent research assistance, Erik Larsson 2 

for help with AR gDNA primer design, and Karel de Gendt and Guido Verhoeven for kindly providing 3 

AR+/flox mice.   4 



16 
 

References 1 

1. Amur S, Parekh A, Mummaneni P. Sex differences and genomics in autoimmune diseases. J 2 

Autoimmun. 2012; 38:J254-265. 3 

2. Straub RH. The complex role of estrogens in inflammation. Endocr Rev. 2007; 28:521-574. 4 

3. Oertelt-Prigione S. The influence of sex and gender on the immune response. Autoimmun Rev. 5 

2012; 11:A479-485. 6 

4. Roubinian JR, Papoian R, Talal N. Androgenic hormones modulate autoantibody responses and 7 

improve survival in murine lupus. J Clin Invest. 1977; 59:1066-1070. 8 

5. Roubinian JR, Talal N, Greenspan JS, Goodman JR, Siiteri PK. Effect of castration and sex 9 

hormone treatment on survival, anti-nucleic acid antibodies, and glomerulonephritis in NZB/NZW 10 

F1 mice. J Exp Med. 1978; 147:1568-1583. 11 

6. Altuwaijri S, Chuang KH, Lai KP, Lai JJ, Lin HY, Young FM, Bottaro A, Tsai MY, Zeng 12 

WP, Chang HC, Yeh S, Chang C. Susceptibility to autoimmunity and B cell resistance to 13 

apoptosis in mice lacking androgen receptor in B cells. Mol Endocrinol. 2009; 23:444-453. 14 

7. Wilson CA, Mrose SA, Thomas DW. Enhanced production of B lymphocytes after castration. 15 

Blood. 1995; 85:1535-1539. 16 

8. Viselli SM, Reese KR, Fan J, Kovacs WJ, Olsen NJ. Androgens alter B cell development in 17 

normal male mice. Cell Immunol. 1997; 182:99-104. 18 

9. Smithson G, Couse JF, Lubahn DB, Korach KS, Kincade PW. The role of estrogen receptors 19 

and androgen receptors in sex steroid regulation of B lymphopoiesis. J Immunol. 1998; 161:27-34. 20 

10. Ellis TM, Moser MT, Le PT, Flanigan RC, Kwon ED. Alterations in peripheral B cells and B 21 

cell progenitors following androgen ablation in mice. Int Immunol. 2001; 13:553-558. 22 

11. Olsen NJ, Gu X, Kovacs WJ. Bone marrow stromal cells mediate androgenic suppression of B 23 

lymphocyte development. J Clin Invest. 2001; 108:1697-1704. 24 

12. Olsen NJ, Kovacs WJ. Effects of androgens on T and B lymphocyte development. Immunol Res. 25 

2001; 23:281-288. 26 



17 
 

13. Sakiani S, Olsen NJ, Kovacs WJ. Gonadal steroids and humoral immunity. Nat Rev Endocrinol. 1 

2013; 9:56-62. 2 

14. Wu JY, Scadden DT, Kronenberg HM. Role of the osteoblast lineage in the bone marrow 3 

hematopoietic niches. J Bone Miner Res. 2009; 24:759-764. 4 

15. De Gendt K, Swinnen JV, Saunders PT, Schoonjans L, Dewerchin M, Devos A, Tan K, 5 

Atanassova N, Claessens F, Lecureuil C, Heyns W, Carmeliet P, Guillou F, Sharpe RM, 6 

Verhoeven G. A Sertoli cell-selective knockout of the androgen receptor causes spermatogenic 7 

arrest in meiosis. Proc Natl Acad Sci U S A. 2004; 101:1327-1332. 8 

16. Lallemand Y, Luria V, Haffner-Krausz R, Lonai P. Maternally expressed PGK-Cre transgene 9 

as a tool for early and uniform activation of the Cre site-specific recombinase. Transgenic Res. 10 

1998; 7:105-112. 11 

17. Bourghardt J, Wilhelmson AS, Alexanderson C, De Gendt K, Verhoeven G, Krettek A, 12 

Ohlsson C, Tivesten A. Androgen receptor-dependent and independent atheroprotection by 13 

testosterone in male mice. Endocrinology. 2010; 151:5428-5437. 14 

18. Rodda SJ, McMahon AP. Distinct roles for Hedgehog and canonical Wnt signaling in 15 

specification, differentiation and maintenance of osteoblast progenitors. Development. 2006; 16 

133:3231-3244. 17 

19. Davey RA, Clarke MV, Sastra S, Skinner JP, Chiang C, Anderson PH, Zajac JD. Decreased 18 

body weight in young Osterix-Cre transgenic mice results in delayed cortical bone expansion and 19 

accrual. Transgenic Res. 2012; 21:885-893. 20 

20. Mizoguchi T, Pinho S, Ahmed J, Kunisaki Y, Hanoun M, Mendelson A, Ono N, Kronenberg 21 

HM, Frenette PS. Osterix marks distinct waves of primitive and definitive stromal progenitors 22 

during bone marrow development. Dev Cell. 2014; 29:340-349. 23 

21. Osmond DG, Rolink A, Melchers F. Murine B lymphopoiesis: towards a unified model. 24 

Immunol Today. 1998; 19:65-68. 25 



18 
 

22. Allman D, Lindsley RC, DeMuth W, Rudd K, Shinton SA, Hardy RR. Resolution of three 1 

nonproliferative immature splenic B cell subsets reveals multiple selection points during 2 

peripheral B cell maturation. J Immunol. 2001; 167:6834-6840. 3 

23. Martensson IL, Rolink A, Melchers F, Mundt C, Licence S, Shimizu T. The pre-B cell 4 

receptor and its role in proliferation and Ig heavy chain allelic exclusion. Semin Immunol. 2002; 5 

14:335-342. 6 

24. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative 7 

PCR and the 2(-Delta Delta C(T)) Method. Methods. 2001; 25:402-408. 8 

25. Vidal O, Lindberg MK, Hollberg K, Baylink DJ, Andersson G, Lubahn DB, Mohan S, 9 

Gustafsson JA, Ohlsson C. Estrogen receptor specificity in the regulation of skeletal growth and 10 

maturation in male mice. Proc Natl Acad Sci U S A. 2000; 97:5474-5479. 11 

26. Zhu J, Garrett R, Jung Y, Zhang Y, Kim N, Wang J, Joe GJ, Hexner E, Choi Y, Taichman 12 

RS, Emerson SG. Osteoblasts support B-lymphocyte commitment and differentiation from 13 

hematopoietic stem cells. Blood. 2007; 109:3706-3712. 14 

27. Vanderschueren D, Laurent MR, Claessens F, Gielen E, Lagerquist MK, Vandenput L, 15 

Borjesson AE, Ohlsson C. Sex steroid actions in male bone. Endocr Rev. 2014:er20141024. 16 

28. Visnjic D, Kalajzic Z, Rowe DW, Katavic V, Lorenzo J, Aguila HL. Hematopoiesis is severely 17 

altered in mice with an induced osteoblast deficiency. Blood. 2004; 103:3258-3264. 18 

29. Wu JY, Purton LE, Rodda SJ, Chen M, Weinstein LS, McMahon AP, Scadden DT, 19 

Kronenberg HM. Osteoblastic regulation of B lymphopoiesis is mediated by Gs{alpha}-20 

dependent signaling pathways. Proc Natl Acad Sci U S A. 2008; 105:16976-16981. 21 

30. Greenbaum A, Hsu YM, Day RB, Schuettpelz LG, Christopher MJ, Borgerding JN, 22 

Nagasawa T, Link DC. CXCL12 in early mesenchymal progenitors is required for 23 

haematopoietic stem-cell maintenance. Nature. 2013; 495:227-230. 24 

31. Ding L, Morrison SJ. Haematopoietic stem cells and early lymphoid progenitors occupy distinct 25 

bone marrow niches. Nature. 2013; 495:231-235. 26 



19 
 

32. Nagasawa T. Microenvironmental niches in the bone marrow required for B-cell development. 1 

Nat Rev Immunol. 2006; 6:107-116. 2 

33. Chuang KH, Altuwaijri S, Li G, Lai JJ, Chu CY, Lai KP, Lin HY, Hsu JW, Keng P, Wu 3 

MC, Chang C. Neutropenia with impaired host defense against microbial infection in mice 4 

lacking androgen receptor. J Exp Med. 2009; 206:1181-1199. 5 

34. Mueller SN, Germain RN. Stromal cell contributions to the homeostasis and functionality of the 6 

immune system. Nat Rev Immunol. 2009; 9:618-629. 7 

35. Chiang C, Chiu M, Moore AJ, Anderson PH, Ghasem-Zadeh A, McManus JF, Ma C, 8 

Seeman E, Clemens TL, Morris HA, Zajac JD, Davey RA. Mineralization and bone resorption 9 

are regulated by the androgen receptor in male mice. J Bone Miner Res. 2009; 24:621-631. 10 

36. Notini AJ, McManus JF, Moore A, Bouxsein M, Jimenez M, Chiu WS, Glatt V, Kream BE, 11 

Handelsman DJ, Morris HA, Zajac JD, Davey RA. Osteoblast deletion of exon 3 of the 12 

androgen receptor gene results in trabecular bone loss in adult male mice. J Bone Miner Res. 13 

2007; 22:347-356. 14 

37. Sinnesael M, Claessens F, Laurent M, Dubois V, Boonen S, Deboel L, Vanderschueren D. 15 

Androgen receptor (AR) in osteocytes is important for the maintenance of male skeletal integrity: 16 

evidence from targeted AR disruption in mouse osteocytes. J Bone Miner Res. 2012; 27:2535-17 

2543. 18 

38. Manolagas SC, O'Brien CA, Almeida M. The role of estrogen and androgen receptors in bone 19 

health and disease. Nat Rev Endocrinol. 2013; 9:699-712. 20 

39. Bagatell CJ, Bremner WJ. Androgens in men--uses and abuses. N Engl J Med. 1996; 334:707-21 

714. 22 

40. Kocar IH, Yesilova Z, Ozata M, Turan M, Sengul A, Ozdemir I. The effect of testosterone 23 

replacement treatment on immunological features of patients with Klinefelter's syndrome. Clin 24 

Exp Immunol. 2000; 121:448-452. 25 



20 
 

41. Keith RC, Sokolove J, Edelman BL, Lahey L, Redente EF, Holers VM, Sakaguchi S, 1 

Robinson WH, Riches DW. Testosterone is protective in the sexually dimorphic development of 2 

arthritis and lung disease in SKG mice. Arthritis Rheum. 2013;  3 

42. Fijak M, Schneider E, Klug J, Bhushan S, Hackstein H, Schuler G, Wygrecka M, Gromoll J, 4 

Meinhardt A. Testosterone replacement effectively inhibits the development of experimental 5 

autoimmune orchitis in rats: evidence for a direct role of testosterone on regulatory T cell 6 

expansion. J Immunol. 2011; 186:5162-5172. 7 

43. Zouali M. Transcriptional and metabolic pre-B cell receptor-mediated checkpoints: implications 8 

for autoimmune diseases. Mol Immunol. 2014; 62:315-320. 9 

 10 

  11 



21 
 

Figure Legends 1 

Figure 1. Increased B lymphopoiesis in mice with global deletion of the androgen receptor (G-2 

ARKO) 3 

A) Number of B220+CD19+ double positive B cells in bone marrow (BM) in control (Pgk-Cre+) and 4 

general (G-)ARKO mice. B) Illustration of Pro-B and Pre-B cells in FACS plots from control and G-5 

ARKO. C) Early Pro-B cells measured as B220+CD19-c-kit+CD43+, Pro-B cells B220+CD19+c-kit+ 6 

CD43+, Large Pre-B cells FSChiB220+CD19+CD25+, Small Pre-B cells FSCloB220+CD19+CD25+, and 7 

Immature B cells B220+CD19+CD93+IgM+ in BM from control and G-ARKO mice. Cell number is 8 

presented as 106 cells. n=5-6/group. **=p<0.01 9 

 10 

Figure 2. Characteristics of osteoblast-lineage cell-specific ARKO (O-ARKO) mice 11 

A) Relative AR exon 2 to exon 3 in DNA from femur shaft from control (Osx1-Cre+) and osteoblast-12 

specific (O-)ARKO mice. B) Wet weight of seminal vesicles and testes from Pgk-Cre+, G-ARKO, Osx1-13 

Cre+, and O-ARKO mice. C) Number of trabecula in femur and vertebra L5 from control and O-ARKO. 14 

D) μCT images of L5 vertebra.  E) Cross-sectional thickness of cortical bone in femur from control and O-15 

ARKO mice assessed by μCT. F) Serum concentration of markers for bone turnover in control and O-16 

ARKO mice; osteocalcin for bone formation and C-terminal cross-linked telopeptide of collagen type I 17 

(CTX-I) for bone resorption. n=7-18/group. (*)p=0.059, *=p<0.05, ***=p<0.001 18 

 19 

Figure 3. O-ARKO mimics the B lymphopoiesis pattern of G-ARKO mice 20 

A) Number of B220+CD19+ double positive B cells in bone marrow (BM) from control (Osx1-Cre+) and 21 

O-ARKO mice. B) Illustration of Pro-B and Pre-B cells in FACS plots from control and O-ARKO. C) 22 

Early Pro-B cells measured as B220+CD19-c-kit+CD43+, pro-B cells B220+CD19+c-kit+, large Pre-B cells 23 

FSChiB220+CD19+CD25+, small Pre-B cells FSCloB220+CD19+CD25+, and immature B cells 24 

B220+CD19+CD93+IgM+ in BM from control and O-ARKO mice. Cell number is presented as 106 cells.  25 

*=p<0.05, **=p<0.01, ***=p<0.001 26 
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Figure 4. Increased splenic B lymphopoiesis in G-ARKO but not O-ARKO mice 1 

A) Total number of CD19+ B cells in spleen from control (Pgk-Cre+) and G-ARKO mice. B) Illustration of 2 

immature and mature B cells in spleen in FACS plots from control and G-ARKO. C) T1 B cells 3 

CD19+CD93+IgM+Cd23-, T2 B cells CD19+CD93+IgM+Cd23+, follicular B cells CD19+CD93- 4 

CD23+CD21hi  , marginal zone B cells CD19+CD93- CD23+CD21Int  and B1 cells CD19+CD43+.  D) Total 5 

number of CD19+ B cells in spleen from control (Osx1-Cre+) and O-ARKO mice. E) Illustration of 6 

immature and mature B cells in spleen in FACS plots from control and O-ARKO. F) T1 B cells 7 

CD19+CD93+IgM+Cd23-, T2 B cells CD19+CD93+IgM+Cd23+, follicular B cells CD19+CD93- 8 

CD23+CD21hi, marginal zone B cells CD19+CD93-CD23+CD21Int  and B1 cells CD19+CD43+.  9 

Cell number is presented as 106 cells. n=4-8/group. *=p<0.05, **=p<0.01 10 
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Figure S2. FACS plots with gating strategy for cell subsets 
from G-ARKO and control (Pgk-Cre+) mice. 

Supplemental table 1 

Hematopoietic cell subsets in bone marrow of G- and O-ARKO mice 

Number of cells Pgk-Cre+ G-ARKO p-value Osx1-Cre+ O-ARKO p-value 
Nucleated cells (106) 29±0.92 31±1.9 0.33 37±1.9 45±1.4 * 
Lymphocytes (106) 11±0.22 15±1.0 ** 10±0.67 14±0.36 ** 
Monocytes (106) 7.2±0.26 7.5±0.41 0.75 7.8±0.35 8.8±0.27 0.08 
Granulocytes (106) 6.9±0.40 5.4±0.25 ** 14±0.90 16±1.0 0.16 
*=p<0.05, **=p<0.01 

Supplemental figure 2



Supplemental figure 3
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Figure S3. Relative AR exon 2 DNA from spleen, bone marrow, thymus, liver, kidney, aorta, heart, skin, and 
testis measured in O-ARKO and Osx1-Cre+ mice. n=7-8

Supplemental table 2 

Bone parameters in O-ARKO mice 

Bone parameter Osx1-Cre+ O-ARKO p-value 
μCT    
Cortical volumetric BMD, femur (g/cm3) 1.21±0.02 1.21±0.04 0.86 
Trabecular thickness, femur (µm) 43±6.2 46±2.3 0.47 
Trabecular thickness, vertebrae L5 (µm) 46±0.9 51±2.0 0.07 
DXA    
Total body areal BMD (g/cm2) 0.047±0.001 0.047±0.001 0.62 
Total body BMC (g) 0.41±0.02 0.39±0.04 0.46 
μCT=micro–computed tomography, BMD=Bone Mineral Density, DXA=Dual Energy X-ray 
Absorptiometry, BMC= Bone Mineral Content  
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