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SUMMARY

The Whnt inhibitor Dickkopf-1 (DKK1) is a negative regulator of bone formation
and bone mass and is dysregulated in various bone diseases. How DKK1 contrib-
utes to postmenopausal osteoporosis, however, remains poorly understood.
Here, we show that mice lacking DKK1 in T cells are protected from ovariec-
tomy-induced bone loss. Ovariectomy activated CD4+ and CD8+ T cells and
increased their production of DKK1. Co-culture of activated T cells with osteo-
blasts inhibited Wnt signaling in osteoblasts, leading to impaired differentiation.
Importantly, DKK1 expression in T cells also controlled physiological bone re-
modeling. T-cell-deficient Dkk1 knock-out mice had a higher bone mass with an
increased bone formation rate and decreased numbers of osteoclasts compared
with controls, a phenotype that was rescued by adoptive transfer of wild-type
T cells. Thus, these findings highlight that T cells control bone remodeling in
health and disease via their expression of DKK1.

INTRODUCTION

Osteoporosis is a highly prevalent disease with significant socioeconomic burden, and its incidence will
further increase due to a longer life expectancy and an aging population (Burge et al., 2007; Hernlund
etal., 2013; US Department of Health and Human Services, 2004). Postmenopausal osteoporosis, which re-
sults from the decline in estrogen levels after menopause, is the most common form of osteoporosis (van
Staa et al., 2001). The rapid and progressive loss of bone after menopause occurs as a result of an imbal-
anced bone turnover with bone resorption exceeding bone formation. Thus, anti-resorptive drugs are most
commonly used to prevent bone loss and reduce fracture risk in affected patients (Rachner et al., 2011).
However, besides directly affecting bone cells, estrogen deficiency also impacts lymphocyte differentiation
and function, which may also contribute to pathogenesis of osteoporosis by negatively affecting the
communication with osteoblasts and osteoclasts. In fact, estrogen deficiency leads to an expansion of B
and T cell populations in mice (Cenci et al., 2003; Fujiwara et al., 2016; Garcia-Perez et al., 2005; Qiu
et al.,, 2016). However, the role of B and T cells in estrogen-deficiency-induced bone loss remains contro-
versial (Masuzawa et al., 1994; Miyaura et al., 1997). Although one study showed that B cells contribute to
estrogen-deficiency-induced bone loss via their production of receptor activator of NF-kB ligand (RANKL)
(Onaletal., 2012), another study completely depleted mature B cells and showed that these mice lost equal
amounts of bone as their B cell replete controls (Li et al., 2007a). Similarly, although some studies show that
both T-cell-deficient nude mice and T-cell-depleted wild-type mice fail to respond to ovariectomy with
bone loss (8-12), another study using three different T-cell-deficient mouse models showed similar bone
loss after ovariectomy as their corresponding controls (Lee et al., 2006). Of those studies that showed a crit-
ical role of lymphocytes in estrogen-deficiency-induced bone loss, the increased production of osteoclast
stimulating factors such as RANKL, TNF-g, IL-6, and IL-17 by lymphocytes was proposed as a mechanism
(Cenci et al.,, 2000, 2003; Roggia et al., 2001; Takayanagi, 2007). Mechanisms of T-cell-produced factors
on osteoblasts, however, remain largely undefined, especially in the context of estrogen deficiency.

Previous evidence indicates that T cells can produce Wnt10b to amplify the osteo-anabolic effects of para-
thyroid hormone treatment (Bedi et al., 2012; Terauchi et al., 2009). T cells were recently also shown to ex-
press Dickkopf-1 (DKK1) (Chae et al., 2017), a potent Wnt inhibitor, which binds to the Wnt co-receptors
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Figure 1. Global, but not osteogenic, Dkk1 deletion protects against estrogen-deficiency-induced bone loss

The fourth vertebral body of 14-week-old female Sham operated or ovariectomized (OVX) Dkk1"";Rosa26-ERT2-Cre and respective Cre-negative control
mice were analyzed by pCT.

(A and B) (A) Trabecular bone volume per total volume (BV/TV) and (B) trabecular thickness (Tb.Th) of fourth vertebral body.
(C) Representative 3D reconstruction of the analyzed fourth vertebral body.

(D and E) (D) Serum levels of the Wnt inhibitors dickkopf-1 (DKK1) and (E) bone formation marker procollagen type 1 amino-terminal propeptide (P1NP) were
analyzed using commercially available ELISA.

(F) Histomorphometric analysis of calcein double staining was performed to determine the (F) bone formation rate/bone surface (BFR/BS).
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Figure 1. Continued

(G) Serum level of bone resorption marker (G) carboxy-terminal collagen crosslinks (CTX) was measured using a commercially available ELISA.

(H) The fourth vertebral body was stained with tartrate-resistant acid phosphatase (TRAP) to determine the osteoclast number per bone parameter
(N.Oc/B.Pm). Cre— Sham, n = 12; Cre— OVX, n = 12; Cre+ Sham, n = 10; Cre+ OVX, n = 12.

(I) Representative images (20x) of histological sections of fourth vertebral body stained with TRAP (arrow indicates osteoclast). The fourth vertebral body of
14-week-old female Sham operated or ovariectomized Dkk1"f;Osx-Cre (Cre— Sham, n = 16; Cre— OVX, n = 16; Cre+ Sham, n = 12; Cre+ OVX, n = 13) and
Dl<k1ﬂ/ﬂ;Dmp1—Cre mice (Cre— Sham, n = 13; Cre— OVX, n = 15; Cre+ Sham, n = 13; Cre+ OVX, n = 10), and respective controls were analyzed to assess (J-M)
trabecular bone volume per total volume (BV/TV) and serum levels of DKK1. Data represent the mean + SD. Statistical analysis was performed by the two-
way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001 versus Sham or #p < 0.05, ##p < 0.01, ###p < 0.001 versus respective Cre-negative control.

(Bhat et al., 2007; Mao et al., 2001, 2002). By blocking Wnt signaling, DKK1 negatively regulates osteoblast
differentiation and function, and it stimulates osteoclastogenesis indirectly via the increased production of
RANKL and lower production of osteoprotegerin (OPG) in osteoblasts. Thus, DKK1 is a potent negative
regulator of bone mass (Li et al., 2006; Morvan et al., 2006). DKK1 is expressed in various organs (bone,
brain, reproductive system, kidney/urogenital tract) and by several cell types within bone (Christodoulides
et al., 2006; Li et al., 2006; Pietild et al., 2011), whereas osterix-expressing osteoprogenitors appear to be
the main source of circulating DKK1 levels (Colditz et al., 2018). Interestingly, increased DKK1 expression is
observed in various bone-related disorders, including rheumatoid arthritis (Diarra et al., 2007), glucocorti-
coid-induced osteoporosis (Rauner et al., 2013; Wang et al., 2008), and malignant bone disease (Rachner
etal, 2014; Tian et al., 2003). Blocking DKK1 using monoclonal antibodies or genetic approaches protects
mice from arthritis- (Diarra et al., 2007), GC-, and myeloma-induced bone loss (Colditz et al., 2019; Pozzi
etal., 2013). Even though DKK1 levels are also increased in osteoporotic postmenopausal women (Ahmed
etal., 2013), ithas remained unclear whether DKK1 mediates bone loss due to estrogen deficiency and if so,
whether its expression in T cells also contributes to this effect.

In this study, we generated global, osteoblast, osteocyte, and T-cell-specific Dkk1 knock-out mice to deter-
mine if and how DKK1 contributes to estrogen-deficiency-induced bone loss. Although global and T-cell-
specific Dkk1 deletion protected mice from estrogen-deficiency-induced bone loss, lack of Dkk1 in the
osteogenic lineage did not. Indirect co-culture experiments revealed that activated T cells suppressed
osteoblast differentiation via inhibiting Wnt signaling. Importantly, lack of Dkk1 expression in T cells did
not only mediate pathological bone loss but also controlled physiological bone remodeling. Thus, our find-
ings underline the critical role of T cells in skeletal health and disease.

RESULTS

Global loss of Dkk1 protects against estrogen-deficiency-induced bone loss

In order to assess the contribution of DKK1 in the pathogenesis of estrogen-deficiency-induced bone loss,
we deleted Dkk1 in Dkk1"":Rosa26-CreERT2 mice with tamoxifen and induced bone loss by OVX. The suc-
cess of the procedure was confirmed by weighing the uterine, which was significantly atrophied in the OVX
groups (data not shown).

Dkk1-proficient Cre— mice showed a significant reduction of vertebral trabecular bone volume (-20%) and
trabecular thickness (—8%) four weeks after OVX, whereas global Dkk1 conditional knock-out (cKO) mice
were protected from OVX-induced bone loss (Figures 1A and 1B). Trabecular number and trabecular sep-
aration were not significantly altered in both genotypes (Table 1). Representative 3D reconstructions of the
fourth vertebrae body are shown in Figure 1C. As DKK1 was recently shown to be upregulated in bone after
OVX in rats and in serum from women suffering from postmenopausal osteoporosis (Ahmed et al., 2013;
Tian et al., 2015), we analyzed skeletal DkkT mRNA levels in our mice. Dkk7 mRNA levels were higher in
bone tissue from ovariectomized control mice, whereas Dkk1 was not detected in the bone tissue of
cKO mice (Figure S1). The deletion of Dkk1 led to higher skeletal expression of the Wnt target genes
LefT and Axin2, and both were decreased after OVX in both genotypes (Figure S1).

As a significant proportion of women with postmenopausal osteoporosis show enhanced bone turnover
(Eastell et al., 2016), we determined bone turnover after OVX. As expected, OVXincreased both bone for-
mation and bone resorption parameters in Cre— wild-type mice. OVX increased PINP serum levels (+39%),
the mineral apposition rate (+28%), and the bone formation rate (+116%) in control mice, whereas these
parameters were not altered in global Dkk1 cKO mice (Figures 1D and 1E, Table 1). Interestingly, estrogen
withdrawal only enhanced osteoblast activity but not osteoblast and osteocyte numbers (Table 1). In
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Table 1. Bone phenotype of third and fourth vertebral body from 14-week-old female sham versus ovariectomized (OVX) Dkk1%f;Rosa26-CreERT2,
Dkk1™";0sx-Cre and Dkk1™f;Dmp1-Cre mice

p value p value
Spine Cre— Sham ovX and % change Cre+ Sham OovX and % change
Dkk1%":Rosa26-CreERT2 n=12 n=12 n=10 n=12
uCT
Tb.N [1/mm] 3.87 £0.35 3.61 + 0.19 0.225-7% 4.38 + 0.32" 417 + 0.34%# 0.682-5%
Tb.Sp [mm] 0.25 + 0.03 0.27 + 0.02 0.647 + 8% 0.24 + 0.04 0.26 + 0.02 0.567 + 8%
Histomorphometry
MS/BS [%] 17.7 £ 4.02 20.0 £+ 2.75 0.787 + 13% 18.6 £ 1.91 20.1 + 4.51 >0.999 + 8%
MAR [um/day] 1.26 + 0.15 1.61 £ 0.25 <0.05 + 28% 1.69 + 0.25% 1.92 £0.34 0.351 + 13%
N.Ob/B.Pm [#/mm] 11.9 £ 3.45 12.4 + 3.39 >0.999 + 4% 13.1 £ 2.80 14.2 + 4.05 >0.999 + 8%
N.Ot/B.Ar [#/mm?] 152 + 49.2 184 + 28.8 0.228 + 17% 252 + 34.4%# 244 + 19.8" >0.999-3%
Dkk1™.:0sx-Cre n=16 n=16 n=12 n=13
uCT
Tb.Th [mm] 40.4 + 2.28 36.7 + 2.42 <0.01-9% 41.4 + 3.01 38.2 + 2.31 <0.05-8%
Th.N [1/mm] 3.56 + 0.41 3.22 +0.27 <0.05-10% 4.02 + 0.24% 3.67 + 0.23% <0.05-9%
Tb.Sp [mm] 0.28 + 0.03 0.31 + 0.02 <0.05 + 11% 0.25 + 0.02" 0.27 + 0.02** <0.05 + 8%
Histomorphometry
MS/BS [%] 25.2 + 5.31 29.1 + 4.60 0.246 + 15% 28.2 + 4.21 28.6 + 3.72 +1%
MAR [um/day] 1.49 + 0.45 2.29 +0.55 <0.05 + 54% 2.44 + 0.91% 3.30 + 0.90% <0.05 + 35%
BFR/BS [um®/um?/day] 0.40 + 0.16 0.75 + 0.33 <0.05 + 88% 0.78 + 0.38* 1.15 + 0.30"* <0.05 + 47%
N.Ob/B.Pm [#/mm] 16.2 + 3.03 17.2 + 2.56 >0.999 + 6% 16.4 + 2.72 16.5 + 3.54 >0.999 + 1%
N.Oc/B.Pm [#/mm] 7.06 + 1.84 8.91 + 1.77 <0.05 + 26% 4.39 + 109" 6.24 + 1.67%* <0.05 + 42%
Dkk1%%:Dmp1-Cre n=13 n=15 n=13 n=10
uCT
Tb.Th [mm] 41.0 + 3.64 38.4 + 2.85 0.087-6% 42.7 + 2.24 39.6 + 1.70 0.066-7%
Th.N [1/mm] 3.70 £ 0.33 3.29 +0.32 <0.05-11% 410 + 0.32* 371 + 0.33% <0.05-10%
Tb.Sp [mm] 0.28 + 0.02 0.31 + 0.03 <0.01 + 1% 0.25 + 0.02* 0.28 + 0.03* <0.05 + 12%
Histomorphometry
MS/BS [%] 28.9 + 3.60 30.1 £ 2.60 >0.999 + 4% 28.9 + 3.57 29.9 + 2.62 >0.999 + 3%
MAR [um/day] 1.39 + 0.23 1.95 + 0.44 <0.01 + 40% 1.96 + 0.36™ 2.42 + 0.34" <0.05 + 23%
BFR/BS [um>/um?/day] 0.37 + 0.17 0.62 + 0.16 <0.05 + 68% 0.70 + 0.24%* 1.03 + 0.22%# <0.01 + 47%
N.Ob/B.Pm [#/mm] 23.2 +£3.36 23.7 £ 3.06 >0.999 + 2% 23.6 + 4.51 24.6 + 3.58 >0.999 + 4%
N.Oc/B.Pm [#/mm] 8.02 + 2.00 11.2 + 2.58 <0.001 + 40% 5.90 + 1.28% 8.47 + 1.30% <0.05 + 44%

Tb.Th = trabecular thickness, Tb.N = trabecular number, Tb.Sp = trabecular separation, MS/BS = mineralizing surface/bone surface, MAR = mineral apposition
rate, BFR/BS = bone formation rate/bone surface, N.Ob/B.Pm = number of osteoblasts, N.Oc/B.Pm = number of osteoclasts/bone perimeter, N.Ot/B.Ar = num-
ber of osteocytes/bone area. Data represent the mean + SD. Statistical analysis was performed using the two-way ANOVA. *p < 0.05, #p < 0.01, ##p < 0.001
versus respective Cre-negative control.

addition, the bone resorption marker CTX, the number of osteoclasts, and Rankl expression in bone was
increased only in ovariectomized control mice but were not significantly changed in cKO mice (Figures
1F, 1G, and S1). Opg expression was highly increased in the bones of cKO mice but did not change after
OVXin either genotype (Figure S1). Representative images of TRAP-stained bone sections are depicted in
Figure TH. Taken together, Dkk1 plays a critical role in OVX-induced bone loss.

Lack of Dkk1 in osteolineage cells has no influence on estrogen-deficiency-induced bone loss

To determine whether osteoprogenitors or osteocytes contribute to OVX-induced bone loss via their produc-
tion of DKK1, Dkk1™-Osx-Cre and Dkk7ﬂ/ﬂ;Dmp1—Cre mice were subjected to OVX. In contrast to
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Figure 2. Estrogen-deficiency is associated with an increased number of activated T cells

Absolute numbers of splenic T lymphocyte populations of Sham versus OVX-operated 14-week-old Dkk1%":Rosa26-
CreERTZ2 and control mice were determined using FACS analysis.

(A-D) (A) T helper cells, (B) activated T helper cells, (C) cytotoxic T cells, and (D) activated cytotoxic T cells were determined by
their specific indicated surface markers. Cre— Sham, n = 10; Cre— OVX, n = 9; Cre+ Sham, n = 8; Cre+ OVX, n = 10.

(E) Intracellular DKK1 staining of wild-type-derived splenic T cells was measured using FACS analysis. n = 4 animals per group.
(F) Real-time PCR analysis was performed for Dkk1 mRNA expression in different cell types. n = 5 animals per group. Gene
expression levels were normalized to $-Actin. Data represent the mean + SD. Numbers in graph indicate threshold values
at constant B-Actin. Statistical analysis was performed by the two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001 versus
Sham (Cre— or Cre+) and #p < 0.05, ##p < 0.01, ###p < 0.001 versus Cre-negative control.

Dkk1":Rosa26-CreERT2 mice, Dkk1":Osx-Cre and Dl<l<1ﬂ/ﬁ;Dmp1—Cre mice lost similar amounts of bone after
OVXas their controls (Figures 11 and 1J). Moreover, all genotypes showed similar alterations in bone microarch-
itecture (Table 1). Finally, histomorphometric analysis confirmed that Dkk1":0sx-Cre and Dkk7ﬂ/ﬁ;Dmp7—Cre
mice showed similar alterations in bone turnover after OVX as their wild-type littermate controls (Table 1).

Estrogen deficiency is associated with increased proliferation and activation of T cells

As estrogen deficiency is associated with an increased number of T cells and T cells have been reported to
alter bone metabolism via their production of Wnt10b (Pacifici, 2012), we investigated whether T cells also
use DKK1 to modulate bone turnover in estrogen deficiency. First, we assessed whether OVX also activates
T cells in our model. Flow cytometric analyses revealed an increased number of total splenic T cells in all
three mouse lines (ERT2-Cre, Osx-Cre, Dmp1-Cre) after OVX (Table S1). However, this increase was less
pronounced in global cKO (Table S1). When we analyzed T lymphocyte subsets, global cKO mice failed
to significantly increase CD4" (T helper cells) and CD8" (cytotoxic T lymphocyte) T cell numbers after
OVX, whereas mice that lacked Dkk1 in osteogenic cells showed similar increase as their Cre— controls
(Table S1). Furthermore, OVX led to an activation of CD4" and to a lesser extent of CD8" T cells in
Cre-negative controls, which was apparent by the increase of the CD69" cell fraction (Figures 2A-2D
and Table S1) (Ziegler et al., 1994). Similar increases were found in Dkk1™-:Osx-Cre and Dkk1ﬂ/ﬂ;Dmp1—
Cre mice (Table S1). Surprisingly, global deletion of Dkk1 mitigated the OVX-induced activation of CD4"
and CD8" T cells (Figures 2B and 2D). Apart from T cells, we also investigated the total number of B cells
(CD45R™) in the spleen and myeloid-derived suppressor cells (CD11b"GR1%) in the bone marrow. However,
total numbers of both cell populations were unaltered after OVX (Table S1).

Finally, we examined whether T cells express DKK1. Flow cytometric analysis revealed that wild-type T cells
exhibit DKK1 expression (Figure 2E). In addition, gPCR analysis confirmed that T cells express Dkk1, albeit
to a lesser degree than osteoblasts (Figure 2F).
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(A-D) (A) Trabecular bone volume per total volume (BV/TV), (B) trabecular number (Tb.N), (C) trabecular thickness (Tb.Th),
and (D) trabecular separation (Tb.Sp) of the fourth vertebral body.
(E) Representative 3D reconstruction of the analyzed fourth vertebral body. Cre— male, n = 9; Cre+ male, n = 11;

Cre—female, n = 9; Cre+ female, n = 8.

(F and G) (F) DKK1 Serum levels (Cre— male, n = 9; Cre+ male, n = 11; Cre— female, n = 9; Cre+ female, n = 8) were
assessed using a commercially available ELISA, and (G) real-time PCR analysis was performed for Dkk7 mRNA expression

in T cells (n = 8 animals per group). Histomorphometric and serum osteoblast and osteoclast parameters of 12-week-old
male and female Dkk1"":Lck-Cre mice and littermate controls were analyzed.

(H-K) (H) Quantification of serum procollagen type 1 amino-terminal propeptide (P1NP) was performed by ELISA.
Histomorphometric analysis of calcein double staining was performed to determine the (I) mineralizing surface/bone
surface (MS/BS), (J) mineral apposition rate (MAR), and (K) bone formation rate/bone surface (BFR/BS).

(L) Serum carboxy-terminal collagen crosslinks (CTX) were measured using ELISA.
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Figure 3. Continued

(M) Tartrate-resistant acid phosphatase (TRAP) staining was used to determine the number of osteoclast/bone parameter
(N.Oc/B.Pm). Cre— male, n = 9; Cre+ male, n = 11; Cre— female, n = 9; Cre+ female, n = 8.

(N and O) (N) Receptor activator of nuclear factor-kB ligand (Rankl) and (O) osteoprotegerin (Opg) mRNA expression in
femoral bone tissue were analyzed using real-time PCR analysis. n = 8 animals per group. Gene expression levels were
normalized to -Actin. Data represent the mean =+ SD. Statistical analysis was performed by the Student’s t test. *p < 0.05,
**p < 0.01, ***p < 0.001 versus Cre-negative control.

T-cell-specific Dkk1 deletion increases bone mass

As T cells express DKK1, we next investigated whether T-cell-derived DKK1 can influence bone remodeling.
To test this, we generated Dkk1%#.[ ck-Cre mice, which express Cre under the control of the Lck (lympho-
cyte protein tyrosine kinase) promoter, enabling T-cell-specific excision of Dkk1 (Baumann et al., 2005).
Recombination of the floxed Dkk1 allele was only found in MACS-purified T cells from DI<I<1ﬁ/ﬂ;LcI<—Cre
mice but not in any other organ investigated (Figure S2A). Dkk1%%:Lck-Cre and Cre— control mice were
born at a Mendelian ratio with no abnormalities in size and body weight (Figure S2B). Twelve-week-old
male and female Dkk1™f:Lck-Cre mice showed an increased bone volume at the fourth lumbar vertebrae
and distal femur (Figure 3A and Table S2). At the structural level, the fourth vertebral body had a higher
trabecular number (male: +11%, female: +10%), whereas trabecular thickness was unchanged and trabec-
ular separation was significantly lower (male: —10%, female: —11%) (Figures 3B-3D). T-cell-specific Dkk1
deletion had no effect on the cortical compartment (BMD: male: Cre—: 923 + 40.4, Cre+: 918 + 37.8; fe-
male: Cre—: 923 + 37.5, Cre+: 923 + 44.3). The distal femur showed a similar pattern, and the data are
summarized in Table S2. Representative 3D reconstructions of the femur are depicted in Figure 3E. Inter-
estingly, DKK1 serum levels (Figure 3F) as well as mRNA expression in the femora of Dkk1%";ck-Cre mice
were not altered (bone: male: Cre—: 1.00 + 0.09, Cre+: 0.97 + 0.04; female: Cre—: 1.00 + 0.05, Cre+:
1.07 + 0.04). However, DkkT mRNA expression was reduced by 73%-79% in MACS-purified T cells
(Figure 3G).

We next determined whether the high bone mass in Dkk1%"L.ck-Cre is also due to increased bone forma-
tion as previously shown in cKO mice lacking Dkk1 globally or in osteogenic cells (Colditz et al., 2018). Lack
of Dkk1in T cells resulted in higher PINP serum levels (male: +11%, female: +22%), an increased mineral
apposition rate, and a higher bone formation rate at the vertebra in both sexes (Figures 3H-3K). Mineral-
izing surface was not altered in Dkk1%%;Lck-Cre mice (Figure 31). The femora of Cre-positive mice showed a
similar increase in bone formation parameters (Table S2). Similar to mice lacking Dkk1 globally or in cells of
the osteogenic lineage, T-cell-specific Dkk1 deletion had no effect on serum CTX levels, whereas the num-
ber of osteoclasts was significantly reduced in the axial and appendicular skeleton (Figures 3L-M, Table S2).
However, the reduced number of osteoclasts was associated with a decrease in TRAP5b serum levels (male:
Cre—:9.92 + 0.21, Cre+: 8.60 + 0.44; female: Cre—: 9.70 + 0.32, Cre+: 8.50 + 0.44). In line with this, Rank/
expression was decreased, whereas Opg expression was increased in the bones of Dkk1%#: ck-Cre mice
(Figures 3N-O).

Because T-cell-derived DKK1 has been shown to modify T cell activation (Chae et al., 2017), which may
impact on bone remodeling as well, and the Lck-cre has been shown to alter the T cell phenotype (Carow
et al., 2016), we investigated the T cell phenotype in Dkk1%%;Lck-Cre mice and Dkk1"%;Rosa26-CreERT2
mice in more detail using FACS analysis (Table S3). Global or T-cell-specific Dkk1 deletion did not alter
the cellularity of the thymus and spleen. Furthermore, CD69 expression and the number of major T cell sub-
sets, including Treg cells, which have been shown to express high DKK1 levels (Chae et al., 2017), did not
differ in Dkk1™"%:1.ck-Cre mice. In case of Dkk1"7:Rosa26-CreERT2 mice only the number of double-nega-
tive CD4~CD8 cells was significantly reduced. Hence alterations in the T cell phenotype are not the cause
of the bone phenotype seen in Dkk1"#: ck-Cre mice.

Taken together, our data show that T-cell-specific deficiency of Dkk1 contributes to the maintenance of
bone remodeling by controlling bone formation and osteoclast numbers in both sexes.

Transfer of wild-type T cells rescues the high bone mass of T-cell-specific Dkk1 cKO mice

We next investigated whether the changes in bone remodeling in Dkk1"#: ck-Cre mice can be rescued by
transplanting Dkk1-proficient wild-type T cells (Ly5.1 mice) into those mice. Therefore, MACS-purified
T cells were transplanted into 9-week-old female Dkk1%#.[ ck-Cre mice and their littermate controls. All
mice tolerated this procedure and showed no signs of immune response. After 3 weeks, bone parameters

¢? CellPress

OPEN ACCESS

iScience 24, 102224, March 19, 2021 7




¢? CellPress

OPEN ACCESS

A B C
BVITV Th.N DKK1
20 . 6 ol 40
=0.051 =
p=0.
— i
15 # v &P 301 o .
4 v 6 ¥ _ v o 0 -
- &g £ - F ® ¥t eHT
R 10 e, vy © \'4 £ . u = 5201 * v g
e ¥ = : ' Y
v. 2 -
5 10
0 T T T T T T 0 T T T T T T 0
ctrl 5x10° 1x10” Ctrl 5x10° 1x10” Ctrl5x10° 1x10” Ctrl 5x10°® 1x10’ Ctrl5x10° 1x10” Ctrl 5x10° 1x10’
Cre- Cre+ Cre- Cre+ Cre- Cre+
Interaction: =~ Interaction:  « Interaction: (584
Treatment: Treatment:  « Treatment:  (.950
Genotype: =+ Genotype: Genotype: 0415
D E F
P1NP MAR BFR/BS
150 4 1.0
* Hkk
*kk
= " xk 0.8 o
=100 % _ ## 5., i
= T 0 =}
%, § :% % é E2{%e = o§ % V. £ ° . %
£ . 2 % E04 ¥ v
1 v 0.2 v
6 7 6 7 - 6 7 6 7 0.0 105 14107 Ot 106 14107
Ctrl 5x10° 1x10° Ctrl 5x10” 1x10 Ctrl 5x10” 1x10° Ctrl 5x10” 1x10 Ctrl 5x10° 1x10° Ctrl 5x10” 1x10
Cre- Cre+ Cre- Cre+ Cre- Cre+
Interaction:  + Interaction:  «+ Interaction:  #+x
Treatment:  « Treatment: Treatment: =+
Genotype: 0,069 Genotype:  * Genotype:  »xx
G N.Ob/B.Pm H CTX | N.Oc/B.Pm
40 40 15
. = v o v
30 'y 30 4%, M o v, L S
= “ll‘! nlu vi' % & = 3 ° ‘%‘ " o
€ v o E ¥ V. € ]
= . o v
520 = v g2() L] é .% e v # %EU i‘%
54 o [ ] v o
10 10 %
Ctrl 5x10° 1x107 Ctrl 5x10° 1x10” Ctrl 5x10° 1x107 Ctrl 5x10° 1x10’ Ctrl 5x10° 1x10” Ctrl 5x10° 1x10”
Cre- Cre+ Cre- Cre+ Cre- Cre+
Interaction: o g52 Interaction: 0 661 Interaction: ¢ 148
Treatment: 278 Treatment:  .993 Treatment: =
Genotype:  0.615 Genotype:  (.500 Genotype:

Figure 4. Transplantation of T cells abolishes the positive effect of T-cell-specific Dkk1 deletion on bone

The fourth vertebral bodies of 13-week-old female Dkk 1%L ck-Cre (Cre-positive and Cre-negative) mice were analyzed
3 weeks after transplantation of wild-type-derived T cells by pCT.

(A and B) (A) Trabecular bone volume per total volume (BV/TV) and (B) trabecular number (Tb.N) of the fourth vertebral
body.

(C-F) Quantification of serum (C) DKK1 and (D) procollagen type 1 amino-terminal propeptide (P1NP) was performed by
ELISA. Cre— Ctrl, n = 9; Cre— 5x10% n = 11; Cre— 1x107, n = 8; Cre+ Ctrl, n = 8; Cre+ 5x10%, n = 8; Cre+ 1x107, n = 9.
Histomorphometric analysis of calcein double staining was performed to determine bone mineralizing surface/bone
surface (MS/BS) and (F) formation rate/bone surface (BFR/BS). Cre— Ctrl, n = 9; Cre— 5x10%, n = 10; Cre— 1x10’, n = 8;
Cre+ Ctrl, n = 7; Cre+ 5x10%, n = 7; Cre+ 1x107, n = 9.

(G) Tartrate-resistant acid phosphatase (TRAP) staining was used to determine the number of osteoblast/bone parameter
(N.Ob/B.Pm).

(H and 1) (H) Serum carboxy-terminal collagen crosslinks (CTX) were measured using ELISA, and (I) the number of
osteoclast/bone parameter (N.Oc/B.Pm) was assessed using TRAP staining. Cre— Ctrl, n = 9; Cre— 5x10% n = 11; Cre—
1x107, n = 8; Cre+ Ctrl, n = 8; Cre+ 5x10%, n = 8; Cre+ 1x107, n = 9. Data represent the mean + SD. Statistical analysis was
performed by the two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001 versus untransplanted control (Cre— or Cre+) and
#p < 0.05, ##p < 0.01, ###p < 0.001 versus untransplanted Cre— control.

were assessed. In Cre— control mice, transplantation did not influence any of the investigated bone param-
eters, whereas Dkk1™"":[ ck-Cre mice, which were injected with 5 x 10 T cells, showed slightly reduced
bone volume and trabecular number (Figures 4A and 4B). This effect on bone was even more pronounced
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when mice were injected with a higher number of T cells, resulting in a significant reduction of bone volume
and trabecular number (Figures 4A and 4B). No alterations in DKK1 serum levels were detected after
transplantation (Figure 4C). The reduced bone mass in transplanted Dkk1%#:L.ck-Cre mice was triggered
by reduced bone formation, which is evident by reduced PINP serum levels and decreased mineral
apposition and bone formation rates, whereas number of osteoblasts was not altered (Figures 4D-4G).
Even though T cell transfer did not affect CTX serum levels, it increased the number of osteoclasts in
Dkk1%f:[ ck-Cre reaching similar numbers as their Cre— controls (Figures 4H and 4l). Comparable results
were found when T cells were transplanted into male mice (date not shown). Thus, these results indicate
an important role of alterations that occur as a result of T-cell-deficiency of DKK1 for physiologic bone
remodeling.

T cells affect osteoblast differentiation depending on their activation status

To explore how secreted proteins from T cells influence osteoblast function, conditioned medium (CM) was
collected from T cells that were isolated from the spleen of wild-type mice and treated with anti-CD3 (active
T cells) or without anti-CD3 (inactive T cells) for 72 h. Afterward CM was used for indirect co-culture experi-
ments with primary osteoblasts. After 7 days of differentiation with different ratios of CM, osteoblasts exposed
to CM from inactive T cells had a 2-fold higher expression of Osx, Alp, and Ocn, whereas Runx2was not altered
(Figures 5A-5D). In contrast, CM from activated T cells inhibited gene expression of Runx2, Osx, Alp, and Ocn
in a dose-dependent manner, with 75% CM showing the highest inhibition. This suggests that depending on
the activation status, T-cell-derived CM can influence osteogenic differentiation.

As estrogen deficiency is associated with an increased T cell activation, we determined whether the acti-
vation status of T cells influences Dkk1 gene expression in osteoblasts. CM from activated T cells
increased Dkk1 expression in osteoblasts in a dose-dependent manner (Figure 5E). At the same time,
expression levels of the Wnt target genes Opg, Lefl, and Axin2 were reduced (Figures 5F=5H). In line
with that finding, CM from activated T cells also suppressed Wnt3a-induced TCF/LEF Wnt promoter
activity (Figure S3). CM from inactive T cells led to an upregulation of Wnt target genes in osteoblasts
and Wnt promoter activity (Figures 5F-5H, and Figure S3). Interestingly, activation of T cells also
increased their own Dkk1 mRNA expression by 2-fold (inactive: 1.00 £ 0.02, active: 2.05 + 0.42). These
results indicate that T cells differentially influence osteoblast differentiation depending on their activa-
tion status.

Lack of Dkk1 in T cells diminishes their effect on osteoblast differentiation

To determine whether DKK1 mediates the negative effects of activated T cells on osteoblasts, we collected
CM from T cells isolated from Dkk1"f:Rosa26-ERT2-Cre and control mice 3 weeks after tamoxifen injec-
tions. Successful deletion of Dkk1 in T cells was confirmed by gPCR of purified T cells (Figure S4). Similar
to wild-type-derived CM, osteoblasts that were treated with CM derived from inactive DkkT-expressing
T cells (Cre—) showed an increased expression of osteogenic genes (Osx, Alp, and Ocn), whereas CM
from activated T cells had the opposite effect (Figures 51-5L). However, when Dkk1 was deleted in
T cells (Cre+) the positive effect of CM from inactive T cells persisted, whereas the negative effect of acti-
vated T cells on osteoblast differentiation was fully abolished (Figures 51-5L). The same was true for Dkk1,
which was only increased in osteoblasts that were treated with CM derived from activated DkkT-expressing
T cells (Figure 5M). Inhibited Wnt signaling, reflected by reduced expression of Opg, Lef1, and Axin2, only
occurred when osteoblasts were treated with CM derived from activated Dkk1-expressing T cells, whereas
Dkk1 deletion fully abolished this effect (Figures SN-5P). Interestingly, the induction of Wnt target genes in
osteoblasts cultured with CM from inactive T cells appeared blunted when Dkk1in the CM was absent, even
though a significantly increased expression was observed for Lefl and Axin2. These data suggest that
T cells deficient of Dkk1 show less inhibitory effects on osteoblast differentiation than T cells that express
DKK1. To examine whether this is a direct effect of secreted DKK1 on osteoblasts we performed co-culture
experiments with CM from activated WT T cells and osteoblasts with and without the addition of a DKK1
neutralizing antibody or isotype control. Neutralization of DKK1 in CM from activated T cells did not rescue
the downregulation of the osteoblast markers Runx2, Osx, Alp, and Ocn (Figures S5A-5D), implying that
other factors that secreted DKK1 produced by activated T cells inhibit osteoblast differentiation.

T-cell-specific deletion of Dkk1 protects against estrogen-deficiency-induced bone loss

To finally address whether T cells contribute to the pathogenesis of OVX-induced bone loss via their
expression of DKK1, we subjected Dkk 1%L ck-Cre mice to OVX. Estrogen withdrawal resulted in a reduced
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Figure 5. T cells influence osteoblast differentiation dependent on their activation status
(A-H) Primary osteoblasts from 12-week-old wild-type mice were differentiated and treated with different percentages of CM from activated or inactivated
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Gene expression analysis of the osteogenic genes (A) runt-related transcription factor 2 (Runx2), (B) osterix (Osx), (C) alkaline phosphatase (Alp), and (D)
osteocalcin (Ocn), as well as Dkk1, osteoprotegerin (Opg), lymphoid enhancer-binding factor 1 (Lef1), and axin-related protein 2 (Axin2) from wild-type-
derived primary osteoblasts was performed using real-time PCR. Primary osteoblasts from 12-week-old wild-type (Cre-positive and Cre-negative) mice were
differentiated and treated with CM from activated or inactivated T cells derived from 12-week-old Dkk1™":Rosa26-ERT2-Cre mice (Cre-positive: lack Dkk1

expression and Cre-negative: Dkk1-expressing T cells).
(I-P) Gene expression analysis of abovementioned genes was performed using real-time PCR. Gene expression levels were normalized to 8-Actin. Data

represent the mean + SD. n = 5-7 individual mice per group. For A-H statistical analysis was performed using Student's t test for inactive versus untreated
control and one-way ANOVA for dose dependency. *p < 0.05, **p < 0.01, ***p < 0.001. For |-P statistical analysis was performed using two-way ANOVA. *p <
0.05, **p < 0.01, ***p < 0.01 versus inactive or #p < 0.05, ##p < 0.01, ###p < 0.001 versus respective Cre-negative control.
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Figure 6. T-cell-specific Dkk1 deletion protects against estrogen-deficiency-induced bone loss

The fourth vertebral body of 14-week-old female Sham operated or ovariectomized (OVX) Dkk 1. ck-Cre and Cre-
negative control mice were analyzed by puCT.

(A and B) (A) Trabecular bone volume per total volume (BV/TV) and (B) trabecular thickness (Tb.Th) of fourth vertebral
body.

(C) Representative 3D reconstruction of the analyzed fourth vertebral body.

(D-F) (D) Serum levels of the Wnt inhibitors dickkopf-1 (DKK1) and (E) bone formation marker procollagen type 1 amino-
terminal propeptide (P1NP) were analyzed using commercially available ELISA. Cre— Sham, n = 9; Cre— OVX, n = 12; Cre+
Sham, n = 9; Cre+ OVX, n = 10. Histomorphometric analysis of calcein double staining was performed to determine the (F)
bone formation rate/bone surface (BFR/BS).

(G) Serum levels of the bone resorption marker (G) carboxy-terminal collagen crosslinks (CTX) were measured using a
commercially available ELISA.

(H) The fourth vertebral body was stained with tartrate-resistant acid phosphatase (TRAP) to determine osteoclast number
per bone parameter (N.Oc/B.Pm). Cre— Sham, n = 9; Cre— OVX, n = 13; Cre+ Sham, n = 9; Cre+ OVX, n = 11. Data
represent the mean + SD. Statistical analysis was performed by the two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001
versus Sham or #p < 0.05, ##p < 0.01, ###p < 0.001 versus respective Cre-negative control.

bone volume (—28%), trabecular number (—12%), and trabecular thickness (—=11%) in Cre— controls,
whereas Dkk1%#:| ck-Cre mice did not lose a significant amount of bone mass (—7%) (Figures 6A and 6B
and Table S4). Trabecular separation was only increased in Cre— control mice after OVX, but not in
Cre+ mice (Table S4). Representative 3D reconstructions of the fourth vertebral body are shown in Fig-
ure 6C. Loss of DKK1 in T cells further mitigated the OVX-induced activation of CD4" and CD8" T cells
(Table S5). At the skeletal level, OVX only induced Dkk1 expression in Cre— but not Cre+ mice (Figure S6).
Thus, OVX-induced changes in the bone formation parameters PINP (+38%) and the bone formation rate
(+124%) were only detected in Cre— mice, but not in Cre+ mice (Figures 6D and éE and Table S4). Along
those lines, OVX led to a reduced expression of Lef1 and Axin2 in bone only in control mice, whereas Cre+
mice, which already had a higher baseline expression of Lefl and Axin2, showed no suppression of those
markers after OVX (Figure STE). Furthermore, estrogen withdrawal in control mice resulted in an enhanced
CTX serum level and higher number of osteoclasts, whereas these changes were blunted in T-cell-specific
Dkk1 cKO mice (Figures 6F and 6G). Although OVX induced Rankl expression in the bone of Cre— mice, its
expression was unaltered in Cre+ mice (Figure S6). Opg expression was significantly higher in Cre+ mice
but was not changed after OVX (Figure S6). Whether the rescue in Dkk1™:Lck-Cre mice is directly
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mediated through T-cell-derived DKK1 or indirectly due to its influence on other cells and factors needs to
be examined in more detail in future studies.

DISCUSSION

Whether and how T cells contribute to estrogen-deficiency-induced bone loss remains an important
topic in osteoimmunology. Several studies argue for a role of T cells in ovariectomy-induced bone
loss in mice (Gao et al., 2004, 2007; Grassi et al., 2007; Li et al., 2011b; Robbie-Ryan et al., 2006; Roggia
et al., 2001), whereas earlier studies failed to confirm this (Anginot et al., 2007; Lee et al., 2006). In this
study, we show experimental evidence underlining a role of T cells in estrogen-deficiency-induced bone
loss, however, not via the well-known effects of activated T cells on osteoclasts (Cenci et al., 2000, 2003;
Roggia et al., 2001; Takayanagi, 2007) but via their inhibition of Wnt signaling in osteoblasts in a para-
crine fashion.

By globally deleting DKK1 in adolescent mice, we confirmed previous studies using DKK1 inhibition stra-
tegies with monoclonal antibodies or antisense oligonucleotides (Glantschnig et al., 2011; Wang et al.,
2007) and show that DKK1 is a key mediator of estrogen-deficiency-induced bone loss. However, osteo-
genic cells, which appear to be the main producers of circulating DKK1 (Colditz et al., 2018), were not
accountable for estrogen-deficiency-induced bone loss via DKK1 production, but T cells. Mechanistically,
the protection against ovariectomy-induced bone loss in global Dkk1 cKO mice appears to be linked to the
lack of induction of bone formation, rather than inhibition of bone resorption. Even though increased bone
resorption is considered one of the key mechanisms of estrogen-deficiency-induced bone loss, an
increased bone formation rate, i.e. increased bone turnover, is found in a significant proportion of post-
menopausal women with osteoporosis (Garnero et al., 2000; Jabbar et al., 2011; Ross et al., 2000). This
high rate of bone turnover was also appreciated in our ovariectomy mouse model. As bone resorption pa-
rameters were increased in all ovariectomized mice regardless of genotype, yet, only Cre-negative control
mice and osteogenic Dkk1-deficient mice lost a significant amount of bone, these data suggest that DKK1
does not mediate estrogen-deficiency-induced bone loss by increasing bone resorption. This was
somewhat surprising considering the well-established link between Wnt signaling in osteoblasts and the
subsequent regulation of the RANKL/OPG system and osteoclastogenesis. Several studies have shown
that canonical Wnt/B-catenin signaling in osteoblastic cells inhibits osteoclast differentiation by increasing
Opg and decreasing Rankl expression in vitro and in vivo (Glass et al., 2005; Holmen et al., 2005; Shin et al.,
2005; Spencer, 2006). Intriguingly, global and T-cell-specific loss of DKK1 prevented the ovariectomy-
induced increase in the RANKL/OPG ratio in bone but failed to mitigate the increase in osteoclast numbers,
suggesting that mechanisms other than the RANKL/OPG system may contribute to enhanced osteoclast
formation during estrogen deficiency.

Importantly, estrogen withdrawal increased systemic and even more so local bone formation in control
mice, Dkk1"%-:Osx-Cre, and Dkk7ﬂ/ﬂ;Dmp7—Cre mice but not in global or T-cell-specific Dkk1 cKO mice,
suggesting that limiting the increase of bone formation is the primary mechanism in the prevention of
ovariectomy-induced bone loss. This mechanism appears to be mediated via alterations occurring by
the deficiency of DKK1 in activated T cells. In fact, co-cultures showed that activated T cells, as occurring
during estrogen deficiency, expressed higher amounts of DKK1 and inhibited the expression of osteo-
blastic markers. This effect was limited to activated T cells, as naive T cells even increased osteoblastic
gene expression. Differential effects of T cell subpopulations and/or activation states have also been
observed in osteoclasts. Although Th1 and Th17 cells enhance osteoclastogenesis via their production
of pro-inflammatory cytokines and RANKL, naive and regulatory T cells suppress osteoclastogenesis
(John et al., 1996; Li et al., 2007b; Toraldo et al., 2003). Importantly, the negative effect of activated
T cells on osteoblasts was not only found in vitro, but also in vivo, indicated by the high bone formation
rate in mice lacking DKK1 specifically in T cells. Taken together, our study suggests that T cells express
DKK1, as previously shown for human Foxp3* Treg cells (Chae et al., 2017), and that T cells can modulate
osteoblast activity not only through the production of Wnt10b as previously published (Hardiman et al.,
1996; Ouiji et al., 2006; Terauchi et al., 2009) but also via effects mediated via DKK1. Our findings are in
contradiction to other studies that showed that activated human T cells promote osteoblast differentiation
(Croes et al., 2016; Rifas et al., 2003). However, in another study using mouse cells, osteoblast markers were
suppressed by activated, but not resting, T cells, which is in line with our data (Young et al., 2005). Although
the number of major T cell subsets and the expression of CD69 were not altered in Dkk1%#.[ ck-Cre mice,
in vitro neutralization of DKK1 had no effect on osteoblast differentiation. Therefore, we cannot rule out
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whether the effect of DKK1 from T cells on bone comes directly from DKK1 or indirectly through other fac-
tors that are changed in Dkk1%f:Lck-Cre mice.

Besides elucidating the mechanisms of how T cells affect osteoblast function and bone mass, this study inves-
tigated changes in the immune cell status during estrogen deficiency, another somewhat controversially dis-
cussed topic. Our study shows that ovariectomy increases the proportion and activation of CD4+ and CD8+
T cells, whereas B cell numbers are not affected. Several studies, however, have shown that B lymphopoiesis is
stimulated during estrogen deficiency (Mansoori et al., 2016; Masuzawa et al., 1994; Onal et al., 2012; Tyagi
et al.,, 2011), whereas estrogen treatment inhibits B cell development (Erlandsson et al., 2003). Moreover,
some studies suggest that B cells may contribute to ovariectomy-induced bone loss via their secretion of
RANKL and other inflammatory factors (Miyaura et al., 1997). Importantly, most of the studies that found
increased B cell numbers after ovariectomy analyzed B cells in the bone marrow, while we assessed the num-
ber of B cells in the spleen. In fact, our study is in line with a previous study showing an increased number of
B cells in the bone marrow but not in the spleen of ovariectomized mice (Bernardi et al., 2014). Thus, estrogen
deficiency may have more profound effects on B cells in the bone microenvironment: However, details about
the differential regulation of B cells during estrogen deficiency need to be further delineated.

With regard to T cells, several studies show an increase in T cell numbers and activation status after estro-
gen withdrawal in mice (Gao et al., 2004, 2007; Grassi et al., 2007; Li et al., 20171a; Robbie-Ryan et al., 2006;
Roggia et al., 2001). In addition, menopause has been shown to upregulate T cell activity and increased
T cell production of cytokines (Adeel et al., 2013; D'Amelio et al., 2008), whereas hormone therapy de-
creases osteoclastogenic cytokine production in postmenopausal women (Rogers and Eastell, 2001). As
both osteoblasts and osteoclasts have been shown to activate T cells via the secretion of cytokines and
by presenting antigens (Li et al., 2010; Pacifici, 2013), these cells may contribute to T cell activation in es-
trogen deficiency, which is characterized by a state of high bone turnover. Furthermore, the increased
T-cell-mediated secretion of TNFa has also been shown to synergize with RANKL, thereby upregulating
bone resorption (Cenci et al., 2000). By suppressing the expansion of CD4" T cells and TNFa production,
bone loss is prevented in ovariectomized mice (Zhang et al., 2016), further underlining the importance of
T cell activation in bone loss induced by estrogen deficiency. Besides pro-inflammatory cytokines, we
now also show that increased expression of DKK1 in T cells after estrogen withdrawal seems to contribute
to bone loss via modulating osteoblast function, likely through indirect mechanisms. Nonetheless, addi-
tional cell types may be involved in the actions of DKK1 in ovariectomy-induced bone loss, as mice with
a T-cell-specific Dkk1 deletion still exhibited increased DKK1 serum levels after ovariectomy and a ten-
dency of reduced bone mass, whereas global Dkk1 deletion fully abolished bone loss.

Finally, our study shows that T cell expansion and activation due to ovariectomy was inhibited in global and
T-cell-specific Dkk1 knock-out mice, indicating that DKK1 may be an important autocrine activator of T cells
during estrogen deficiency. Indeed, a critical role of the canonical Wnt pathway in T cell biology has been
suggested in multiple experimental systems (Ding et al., 2008; Guo et al., 2007; vanLoosdregt et al., 2013;
Xie et al., 2005). Moreover, an increasing body of evidence suggests direct immunomodulatory effects of
DKK1. As such, recent studies showed that DKK1 is also present in Foxp3™ T,g cells, where it controls
effector CD4" T cell function and is an important regulator of immunological tolerance in colitis (Chae
etal., 2017). Further, numerous studies suggest that DKK1 plays a pro-inflammatory role in various diseases
including asthma, parasitic or viral infection, and cancer (Chae et al., 2016; D’Amico et al., 2016; Guo et al.,
2015; Malladi et al., 2016). It is important to note that besides the classical Wnt ligands and LRP receptors,
DKK1 may use different types of receptors to trigger other signaling pathways. Recent studies indicate
formally unknown receptors such as cytoskeleton-associated protein-4 to transmit DKK1-mediated
signaling events (Kimura et al., 2016; Moon and Gough, 2016). Additional studies are required to unravel
how DKK1 promotes T cell activation and proliferation under pathological conditions.

Taken together, our study highlights the importance of T cells in the control of bone mass maintenance and
pathological bone remodeling in states of estrogen deficiency and suggest that dysregulations of Wnt
signaling may play a critical role therein.

Limitations of the study

When considering these results, it should be noticed that our study is limited by the use of Cre-lines, which
are never completely specific, as well as the use of tamoxifen, which has intrinsic effects on bone. However,
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by using appropriate controls, these limitations are kept at a minimum and effects of tamoxifen were shown
to be negligible as Cre-negative controls, which also received tamoxifen, showed reduced bone mass after
ovariectomy. Moreover, we did notinclude a Dkk1+/+;Lck—Cre—positive line as additional control. However,
the similar T cell phenotype in Dkk1%":Rosa26-CreERT2 and Dkk1%;:L.ck-Cre mice suggest no major effect
of the Lck-Cre on T cells. Also, mice were ovariectomized at a relatively young age.
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Lead Contact and Materials Availability

Further information and requests for resources and reagents should be directed to and will
be fulfilled by the Lead Contact, Martina Rauner (martina.rauner@ukdd.de). This study did

not generate new Unique reagents.

Experimental Model and Subject Details

For global Dkk1 deletion tamoxifen-inducible global Dkk1 knock-out mice (Dkk1"":Rosa26-
CreERT2) were generated 28 (Colditz et al., 2018). At the age of seven weeks male and
female Dkk1"":Rosa26-CreERT2-positive and -negative control mice were injected with 100
pl tamoxifen (10 g/l, Sigma, Germany) for 5 consecutive days to induce global deletion of
Dkkl. For cell-specific deletion of Dkk1l in osteogenic cells, doxycycline-repressible
Dkk1™"Osx-Cre (osteoprogenitor-specific) and constitutive Dkk1"":Dmp1-Cre (osteocyte-
specific) transgenic mouse lines were generated (Colditz et al., 2018). Dkk1"":Osx-Cre
breeding pairs received doxycycline in their drinking water (10 mg/ml in a 3% sucrose
solution) ad libitum to repress Cre activity during embryogenesis. Dkk1"":0sx-Cre offspring
received doxycycline-drinking water until the age of five weeks. Dkk1"" mice (Dkk1"M)
27(Pietila et al., 2011) in which exon 1 and 2 are flanked by loxP sites were crossed with
Lck-Cre mice 86 (Baschant et al., 2011) to generate T cell-specific Dkk1l knock-out mice
(Dkk1"":Lck-Cre). Respective Cre-negative littermates were used as controls. Ly5.1 mice
(Jackson Laboratory, USA) were used for T cell transfer experiments. All mice were routinely
genotyped and recombination of Dkk1 deletion in different organs was investigated. Breeding

of the mouse lines was approved by the Landesdirektion Sachsen.

Method Details

In vivo experiments



All animal procedures were approved by the institutional animal care committee of the TU
Dresden and the Landesdirektion Sachsen. All mice were fed a standard diet with water ad
libitum and were kept in groups of 4 animals per cage. Mice were exposed to a 12 h
light/dark cycle and an air-conditioned room at 23°C (no specific pathogen-free room).
Enrichment was provided in forms of cardboard houses and bedding material. Mice were
randomly assigned to treatment groups and the subsequent analyses were performed in a

blinded-fashion.

Bone phenotyping: Phenotype analysis of male and female Dkk1""Lck-Cre mice was

performed at an age of 12 weeks . Each group consisted of 8-11 mice.

Ovariectomy:  Female  10-week-old  Dkk1""Rosa26-CreERT2,  Dkk1""Osx-Cre,
Dkk1":Dmp1-Cre, and Dkk1""Lck-Cre mice and their respective Cre- controls were
bilaterally ovariectomized or sham operated. After four weeks, mice were sacrificed for

further analyses. Each group consisted of 8-16 mice.

T cell transfer: T cells were isolated from the spleen of 12-week-old Ly5.1 mice using the Pan
T Cell Isolation Kit Il (Miltenyi Biotec, Germany). Five or ten million T cells were transplanted
via retro-orbital injection into Dkk1"";Lck-Cre and littermate control mice. After three weeks

bone parameters were assessed.

Micro-CT

Bone microarchitecture was analyzed ex vivo using the vivaCT40 (Scanco Medical,
Switzerland). The femur and the fourth lumbar vertebra were imaged at a resolution of 10.5
pm with a X-ray energy of 70 kVp, 114 mA, and an integration time of 200 ms. The trabecular
bone in the femur was assessed in the metaphysis 20 slices below the growth plate using

100 slices. In the vertebral bone, 100 slices were measured between both growth plates. The



cortical bone was determined in the femoral midshaft (100 slices). Pre-defined scripts from

Scanco were used for the evaluation.

Bone histomorphometry

Mice were injected with 20 mg/kg calcein (Sigma-Aldrich, Germany) five and two days before
sacrifice. Dynamic bone histomorphometry was performed as described previously 87
(Rauner et al.). Briefly, the third lumbar vertebra and the tibia were fixed in 4% PBS-buffered
paraformaldehyde and dehydrated in an ascending ethanol series. Subsequently, bones
were embedded in methacrylate and cut into 7 um sections to assess the fluorescent calcein
labels. Unstained sections were analyzed using fluorescence microscopy to determine the
mineralized surface/bone surface (MS/BS), the mineral apposition rate (MAR), and the bone
formation rate/bone surface (BFR/BS).

For tartrate-resistant acid phosphatase (TRAP) staining the femur and fourth lumbar vertebra
were decalcified for one week using Osteosoft (Merck, Germany), dehydrated, and
embedded into paraffin. TRAP staining was performed on 4 um sections to assess the
number of osteoblasts per bone perimeter (N.Ob/B.Pm), the number of osteoclasts per bone
perimeter (N.Oc/B.Pm), and the number of osteocytes per bone area (N.Ot/B.Ar). Bone
sections were analyzed using the Osteomeasure software (Osteometrics, USA) following

international standards 88 (Dempster et al., 2013).

Cell culture

T cells were isolated from the spleen of 12-week-old WT, Dkk1"":Rosa26-CreERT2 or control
mice using the Pan T Cell Isolation Kit Il (Miltenyi Biotec, Germany). At the age of seven
weeks, Dkk1 deletion was induced in Dkk1"":Rosa26-CreERT2-positive and -negative mice
using tamoxifen. T cells were cultured at 1x10° cells/ml in 24-well plates coated with murine
anti-CD3 (1 pg/ml, clone 145-2C11, 1XE, Invitrogen, Germany) for activation, or cultured on
uncoated wells for 3 days (inactive T cells). To obtain conditioned medium (CM), cell

suspensions were harvested, centrifuged, and the supernatant was collected for storage at -



80 °C until use. To assess Dkk1 expression in inactive and active T cells, RNA was isolated
after 3 days of culture.

Co-culture of osteoblasts and T cell-derived CM was started when osteoblasts reached 70%
confluence. Primary osteoblasts were differentiated from the bone marrow of WT mice using
standard osteogenic medium in DMEM with 10% FCS, 1% penicillin/streptomycin (Life
Technologies, Germany), 100 uM ascorbate phosphate, and 5 mM B-glycerol phosphate.
The T cell CM was added to the osteoblasts at different concentrations (12.5-75%) and fresh
CM was added at each medium change (two independent experiments with 3 n each). In
osteogenic differentiation medium, the concentration of osteogenic stimuli was corrected for
the total volume of medium. After 7 days RNA from primary osteoblasts was isolated. For
DKK1 neutralizing experiments, 10 pg/ml human/mouse DKK-1 neutralizing antibody and
isotype control antibody (both R&D Systems, Germany) were added to the medium and cells
were differentiated for 7 days.

To obtain osteoclasts, bone marrow cells from wild-type C57BL/6 mice were isolated. Briefly
femora and tibiae of each mouse were flushed through a 100 pm Nylon cell strainer with
approximately 8 ml Modified Minimum Essential Medium (Alpha Medium) supplemented with
10% FCS and 1% penicillin/streptomycin, and 1 mM L-alanyl-L-glutamine (basal medium)
using a 26G syringe. Cells were centrifuged for 5 min at 500 g and cell pellet was
resuspended in 1 ml medium. Afterwards cells were counted and 1x10° cells per cm? were
seeded on 6-well plates. For the first 48 h basal medium was supplemented with 25 ng M-
CSF. Afterwards osteoclast differentiation was induced by simultaneously treating the cells
with 25 ng M-CSF and 50 ng RANKL for 7 days. After 7 days of culture, RNA was isolated
using the High Pure RNA isolation kit (Promega, Madison, WI, USA).

To obtain primary macrophages, femora and tibiae of wild-type C57BL/6 mice were flushed
using Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% FCS, 2
mM L-alanyl-L-glutamine and 1% penicillin/streptomycin (lymphocyte medium) as described
above. After centrifugation for 5 min at 500 g, cells were resuspended in 1 ml lymphocyte

medium supplemented with 30% L929 conditioned media (macrophage medium). For cell



culture 1x10° cells per cm? were seeded on 6-well plates. After 24 h 1 ml fresh macrophage
medium was added. At day 4 of cell culture, cells were washed twice with PBS and fresh
macrophage medium was added. This step was repeated on day 6. After 7 days of culture,
RNA was isolated using the peqGOLD TriFast™ isolation kit.

B cells were isolated from the spleen of 12-week-old WT mice. After the cell number was
determined, B cells were sorted using Dynabeads (Invitrogen, Germany). For that, cells were
stained with anti-CD45R-biotin (1:100) for 20 min at 4°C in the dark. After incubation cells
were washed and the suspension was transferred into a new 2 ml reaction tube. Then 50 pl
of Anti-Biotin Dynabeads per 107 total cells were added to the cell suspension and incubated
for 30 min at 4°C with gentle rotation. Tubes were placed in a magnet for 2 min and the
supernatant was carefully aspirated. After removing the tubes from the magnet, cells were
resuspended in 1 ml MACS buffer, and put back in the magnet for another 2 min. Once
supernatant was removed, cell pellet was stored at -80°C until RNA isolation. After 7 days of
culture, RNA was isolated using the peqGOLD TriFast™ isolation kit (Promega, Madison,

WI, USA)).

Flow cytometry

The right femur and the spleen were dissected and cells were isolated and filtered through a
100 pm cell strainer. Total cell number was counted, cells were blocked with anti-rat IgG and
CD16/CD32, and subsequently stained with anti-CD11b-PE (1:500), anti-CD45-PE-Cy7
(1:200), and anti-Gr1-A700 (1:100) for bone marrow cells or with anti-CD45R-FITC (1:500),
anti-CD3-APC (1:200), anti-CD4-PE-Cy7 (1:200), anti-CD8-A700 (1:200) and anti-CD69-
PECy5 (1:100) for splenic cells for 40 minutes at 4°C in the dark. For analysis of naive T
cells, splenic cells were stained with anti-CD44-PE (1:200), anti-CD62L-APC (1:200), anti-
TCRB-APC (1:200) and anti-CD4-eF450 (1:200). Regulatory T cells were analyzed by
staining for the expression of surface markers with anti-CD4-FITC (1:100), anti-CD25-PE
(1:300) and, after fixation and permeabilization with intra-nuclear staining for FoxP3 using

anti-FoxP3-APC (1:400) and the FOXP3 Fix/Perm Buffer Set (eBiosciences, Germany).



Thereafter, cells were washed twice with PBS and analyzed with the BD LSR Il flow
cytometer (BD Biosciences, San Jose, CA, USA) and the FlowJo vX software (Tree Star Inc.,
Ashland, OR, USA). Thymic cells were analyzed by dissecting the thymus and isolating the
cells through a 100 uM cell strainer. Subsequently, total cell number was counted, cells were
blocked with anti CD16/CD32 and stained with anti-CD4-PerCPCy5.5 (1:500) and anti-CD8-
APC (1:300) for 40 minutes at 4°C in the dark.

For intracellular staining of DKK1, the FOXP3 Fix/Perm Buffer Set (Biolegend, Germany)
was used according to protocol. After cells were fixed and permeabilized, cells were stained
with the primary DKK1 biotinylated antibody (BAM1765, R&D Systems, Germany; 1:100) for
40 min at 4°C. Cells were washed twice and then stained with the secondary antibody
streptavidine-Fluor450 (1:200) for 20 min at 4°C. After washing the cells they were analyzed

using the LSR Il and BD Diva software (BD Bioscience).

Luciferase-based reporter assays

A TCF/LEF-reporter assay (Qiagen) was done using the murine myoblast C2C12 cell line,
which is commonly used to study BMP and Wnt signaling. These cells were seeded at a
concentration of 1.5x10* cells per well in 48-well plates and were cultured in DMEM medium
with 10% fetal bovine serum 1% Penicillin/Streptomycin, and transfected with the Signal
TCF/LEF Reporter (CCS-018L, Qiagen, Hilden, Germany) to assess the activation of the
TCF/LCF Wnt promotor. Briefly, 123 ng/cm? of the promotor construct was transfected using
the FUGENE HD Transfection Reagent (Promega, Madison, WI, USA) according to the
manufacturer's protocols. After 24h, C2C12 cells were treated with or without Wnt3a-
containing L-cell medium and/or CM from inactive or active T cells. Luciferase activity was
assayed 48h post treatment using the Dual Luciferase Reporter Assay kit (Promega,

Madison, W1, USA) as instructed by the manufacturer.

Serum analysis

Blood was taken via heart punctuation of anaesthetized mice and serum was collected after



10 minutes centrifugation at 400 g. DKK1, C-terminal telopeptide (CTX), tartrate-resistant
acid phosphatase form 5b (TRAP5b) and type 1 procollagen amino-terminal-propeptide
(PINP) were measured using an immunoassay kit (DKK1: R&D Systems, USA; CTX,
TRAP5b and P1NP: Immundiagnostik Systems, Germany) according to the manufacturer's

protocols. Samples were diluted according to protocol.

RNA isolation, RT, and real-time PCR

RNA from cell cultures was isolated using the High Pure RNA Isolation Kit (Roche) and RNA
from the bones of mice was isolated by crushing flushed bones (femur and tibia) in liquid
nitrogen and collecting the bone powder in Trifast (Peqlab, Germany). Five-hundred ng RNA
were reverse transcribed using Superscript Il (Invitrogen, Germany) und subsequently used
for SYBR green-based real-time PCR analysis using a standard protocol (Life Technologies).
The primer sequences were: B-actin s: GATCTGGCACCACACCTTCT, pB-actin as:
GGGGTGTTGAAGGTCTCAAA; Alp s: CTACTTGTGTGGCGTGAAGG, Alp as:
CTGGTGGCATCTCGTTATCC; Axin2 s: GCAGTGATGGAGGAAAATGC, AxXin2 as:
ATTCAAGGTGGGGAGGTAGC; Dkkl s: GCCTCCGATCATCAGACGGT, Dkkl as:
GCAGGTGTGGAGCCTAGAAG; Lefl s: CAAATAAAGTGCCCGTGGTG, Lefl as:
TCGTCGCTGTAGGTGATGAG; Ocn s: GCGCTCTGTCTCTCTGACCT, Ocn as:
ACCTTATTGCCCTCCTGCTT; Opg s: CCTTGCCCTGACCACTCTTA, Opg as:
ACACTGGGCTGCAATACACA; Osx s: CTTCCCAATCCTATTTGCCGTTT, Osx as:
CGGCCAGGTTACTAACACCAATCT; Rankl s: CCGAGACTACGGCAAGTACC, Rankl as:
GCGCTCGAAAGTACAGGAAC; Runx2 s: CCCAGCCACCTTTACCTACA, Runx2 as:
TATGGAGTGCTGCTGGTCTG. The results were calculated using the AACT method and

are presented in x-fold increase relative to S-actin mRNA levels.

Quantification and Statistical Analysis

Data are presented as mean +standard deviation (SD) and P values of < 0.05 were

considered statistically significant. Graphs and statistics were prepared using GraphPad



Prism 7.0 software. For examination of the effect of Dkk1l deletion and estrogen deficiency
and to discover two-way interactions, a two-way factorial Analysis of variance (ANOVA) was
carried out. To investigate the dose-dependency in our T cell co-culture one-way ANOVA
was performed. For examination of the effect of Dkk1 deletion on osteoblast differentiation a
two-way factorial ANOVA was carried out. To analyze the effect of T cell specific Dkkl
deletion on bone a Student’s t-test was performed. Furthermore, the Kolmogorov-Smirnov

normality test was used to examine if variables are normally distributed.



Supplementary Figures
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Figure S1. Global Dkk1l cKO mice show altered Wnt signaling as well as Rankl/Opg
ratio after estrogen withdrawal (related to main Figure 1). Gene expression analysis of
dickkopf-1 (Dkk1), lymphoid enhancer-binding factor 1 (Lefl), axin-related protein 2 (Axin2),
receptor Activator of NF-kB Ligand (Rankl), and osteoprotegerin (Opg) in femoral bone tissue
of Sham vs. OVX operated 14-week-old Dkk1";Rosa26-CreERT2 and control mice was
performed using Real-time PCR. Cre- Sham, n = 12; Cre- OVX, n = 12; Cre+ Sham, n = 10;
Cre+ OVX, n = 12. Gene expression levels were normalized to B-Actin. Data represent the
mean = SD, Statistical analysis was performed using Two-way-ANOVA. *p<0.05, **p<0.01,
***p<0.001 vs. Sham or #p<0.05, ##p<0.01, ###p<0.001 vs. respective Cre-negative control.
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Figure S2. Dkk1";Lck-Cre mice exhibit T cell-specific Dkk1 deletion (related to main
Figure 3). (A) Recombinatory efficiency of Lck-Cre was analyzed. Representative examples
of tissue-specific Cre recombination analyzed by PCR of Dkk1"Lck-Cre and control mice.
Controls represent Dkk1 deletion (fl/del: 228bp), floxed Dkk1 (fl/fl: 358bp), and wild-type (wt:
288 bp). (B) Body weight of Dkk1"":Lck-Cre and control mice was determined. Statistical
analysis was performed by the Student’s t-test.



TCF/LEF reporter assay
40,

»
I Interaction: =+
Treatment:

Genotype: ik

w
=)

Hith
Py

[Fold change]
)
=]

x

0¢’l|—'"—

Wnt3a - + - + - +
inactive active

3

Figure S3. CM from activated T cells suppressed Wnt3a-induced TCF/LEF Wnt
promoter activity (related to main Figure 5). TCF/LEF reporter assay of C2C12 cells
treated with CM from activated or inactivated T cells for 48h. n = 6 biological replicates per
group. Data represent the mean + SD. Statistical analysis was performed by the Two-Way-
ANOVA *p<0.05, **p<0.01, ***p<0.01 vs. untreated or #p<0.05, ##p<0.01, ###p<0.001 vs.
respective inactive control.
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Figure S4. Global Dkk1 deletion successfully reduced Dkkl expression in T cells
(related to main Figure 5). Dkk1 mRNA expression in T cells of 12-week old Dkk1":Lck-
Cre and Cre-negative control mice was analyzed using Real-time PCR. n = 8 animals group.
Gene expression levels were normalized to B-Actin. Data represent the mean * SD.
Statistical analysis was performed by the Student’s t-test.*p<0.05, **p<0.01, ***p<0.001.
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Figure S5. Neutralization of DKK1 does not restore the downregulation of osteoblastic
marker genes (related to main Figure 5). Primary osteoblasts from 12-week-old wild-type
mice were differentiated and treated with CM from activated WT T cells in the presence of a
DKK1 antibody or an istotype control for 7 days. Gene expression analysis of the osteogenic
genes (A) Runt-related transcription factor 2 (Runx2), (B) osterix (Osx), (C) alkaline
phosphatase (Alp), and (D) and osteocalcin (Ocn) was performed using real-time PCR. Gene
expression levels were normalized to 8-Actin. Data represent the mean = SD. n = 3 individual
mice per group (plus combinations of T cell CM from up to 4 individual mice). Statistical
analysis was performed using Two-way-ANOVA. *p<0.05, **p<0.01, ***p<0.01 vs. inactive or
#p<0.05, ##p<0.01, ###p<0.001 vs. respective isotype control.

El Cre- Sham
= Cre- OVX

B3 Cre+ Sham
B3 Cre+ OVX

[Fold change]

Dkk1 Lef1 Axin2 Rankl Opg

Figure S6. T cell-specific Dkkl1 cKO mice exhibit altered Wnt signaling as well as
Rankl/Opg ratio after estrogen withdrawal (related to main Figure 6). Gene expression
analysis of dickkopf-1 (Dkk1), lymphoid enhancer-binding factor 1 (Lefl), axin-related protein
2 (Axin2), receptor Activator of NF-kB Ligand (Rankl), and osteoprotegerin (Opg) in femoral
bone tissue of Sham vs. OVX operated 14-week-old Dkk1""ck-Cre and control mice was
performed using Real-time PCR. Cre- Sham, n = 8; Cre- OVX, n = 11; Cre+ Sham, n = 9;
Cre+ OVX, n = 10. Gene expression levels were normalized to B-Actin. Data represent the
mean = SD, Statistical analysis was performed using Two-way-ANOVA. *p<0.05, **p<0.01,
***p<0.001 vs. Sham or #p<0.05, ##p<0.01, ###p<0.001 vs. respective Cre-negative control.



Supplementary Table 1 (related to main Figure 2). Total number (*10°) of splenic T cell
populations and bone marrow-derived myeloid suppressor cells and spleen-derived B cells in
sham vs. ovariectomized (OVX) Dkk1"Rosa26-CreERT2, Dkk1":0sx-Cre and
Dkk1"":Dmp1-Cre mice and their respective controls.

Cre- Cre+
Pvalue Pvalue
Cell populations Sham OVvX and % Sham OVvX and %
change change
Dkk1";Rosa26-CreERT2 n=13 n=15 n=13 n=10
cps* 17.2£1.32 21.9+3.42 :2'79]2 1974385  23.4+218 :2';]2
CD11b'GR1* 1.75+0.41 1.65+0.25 >?é%29 1.78 +0.39 1.79+0.43 >S'1229
CD45R"* 36.0£5.43 38.2£4.55 O 3374675  36.4%6.02 0850
Dkk1":Osx-Cre n=13 n=15 n=13 n=10
cp3* 117+ 254 15.3+2.56 o 116%234 147169 oo
CcD3'CD4* 4.24+0.68 5.80 + 1.00 o 464x108  595:085 o
CD3'CD4'CD6Y* 0.38£0.07 0.52%0.08 ol 045£005 055005 o
CD3'CD8" 4.40+0.68 5.57 0.89 o 458+069  575:098 o
CD3'CD8'CD69" 0.13+0.03 0.18+0.04 o 013%002 018003 o
CD11b'GR1* 1.69 % 0.24 1.73£0.25 >S'2?)Zg 1774018  1.80+0.20 >S'2229
CD45R" 30.0 + 6.84 30.9+4.98 >Sé%29 30.7+640  31.3+4.36 >S'2229
Dkk1"™Dmp1-Cre n=13 n=15 n=13 n=10
cps* 12.+2.39 154+ 1.31 :2';]2 13.0£218  157+195 fgﬁi
cD3'CD4" 4.11%0.80 512+0.76 o 395:065 501099 oo
CD3'CD4'CD69" 0.52 +0.09 0.73+0.18 O 052$006 072015 o
CD3'CD8" 3.96+0.65 4.76+0.58 o 366%072  453:062 o
CD3'CD8'CD69" 0.12+0.02 0.15+0.02 e 0133002 0162002 o
CD11b*GR1* 1.38+0.39 1.42+0.18 0o} 145%036  151£030 O
CD45R* 31.2+4.99 31.6+3.25 >Si?129 31.8+317  31.9+3.76 >sz29

Cell types were distinguished by flow cytometry according to the indicated surface markers. CD3* = T cells,
CD3*CD4* = T helper cells, CD3*CD4*CD69* = activated T helper cells, CD3*CD8" = cytotoxic T cells,
CD3*CD8*CD69" = activated cytotoxic T cells, CD11b*GR1*" = myeloid-derived suppressor cells, CD45R* = B
cells. Data represent the mean + SD. Statistical analysis was performed by the Two-Way-ANOVA. #p<0.05,
##p<0.01, ###p<0.001 vs respective Cre negative control.



Supplementary Table 2 (related to main Figure 3). Bone microstructure and histological
parameters of the femora and tibiae of 12-week-old Dkk1"":Lck-Cre mice.

Male Female
P value P value
Cre- Cre+ Cre- Cre+
(n=9) (n=11) and % (n=9) (n=8) and %
B B change B B change
Dkk1":Lck-Cre n=9 n=11 n=9 n=8
uCcT*
BV/TV [%] 7.76 + 0.51 10.5 + 0.43 i%g&l 1.17 + 0.80 2.02 +0.83 <7C:)L.305
Tb.N [1/mm] 421+0.33 475+ 053 fgé?]z 231 +0.45 2.83+0.17 ;%&l
Tb.Th [um] 41.1+5.16 43.2+3.64 (l'g’gf’ 33.4+2.07 36.6 + 3.86 01'8301
Tb.Sp [mm] 0.24 +0.02 0.22+0.03 00 0.40 + 0.06 0.35+ 0.03 o5
Histomorphometry*
MS/BS [%] 21.0 + 2.45 22,9+ 251 Cléf/f' 26.0 + 3.40 28.4 + 2.06 o;ggf
MAR [um/d] 172 +0.35 227 + 0.56 :2'2?)2 177 + 0.58 251 +0.79 j%gos
BFR/BS [um®/um?d] 0.33+0.16 0.52+0.13 fgé?]/{) 048+ 0.22 0.73+0.16 2%&5
0.352 0.697
N.Ob/B.Pm [#/mm] 26.5 + 5.66 20.1+6.27 e 18.9+3.83 19.6 + 3.09 o
N.Oc/B.Pm [#/mm] 427141  285%1.07 ey 628124  415:112 o

BV/TV = bone volumef/total volume, Th.N = trabecular number, Th.Th = trabecular thickness, Th.Sp = trabecular
separation, MS/BS = mineralizing surface/bone surface, MAR = mineral apposition rate, BFR/BS = bone
formation rate/bone surface, N.Ob/B.Pm = number of osteoblasts, N.Oc/B.Pm = number of osteoclasts/bone
perimeter. Data represent the mean + SD. Statistical analysis was performed by the Student’s t-test.*p<0.05,
**p<0.01, ***p<0.001 vs. Cre-negative control. *uCT was performed at the femur. *undecalficied histology for bone
formation parameters was determined at the tibia. Number of osteoblasts and osteoclasts was determined at the
femur.



Supplementary Table 3 (related to main Figure 1 and 3). Total humber of splenic and
thymic T cell populations in Dkk1";Rosa26-CreERT2 and Dkk1"":Lck-Cre mice and their
respective controls.

Cell populations Cre- Cre+ Pvalue
Dkk1""Rosa26-CreERT2 Spleen n=3 n=3
Total counts (*10%) 19.4 + 2.90 23.1+7.32 8'149?]2
CcD3'CD4* 2.57+0 .43 3.49 £ 1.40 938
CD3'CD4'CD6Y" 0.30+0.07 0.36 +0.09 s
CD3*CD8" 2.33+0.41 3.02+0.87 o
ot 0.469
CD3*CD8'CD69 0.04 £ 0.01 0.05 £ 0.02 peoiiot
CD4*CD25"FoxPs* 0.26 £ 0.03 0.33£0.14 O
CD4'TCRR*CD44°*CD62L"" 0.23+0.17 0.19+0.13 ?igf/i
Dkk1"":Rosa26-CreERT2 Thymus n=3 n=3
Total counts (*10°) 65.3+ 13.4 44.1+15.3 ?élzﬁj
CcD4°CD8* 53.8+ 115 36.9+1238 oo
cpa’ 342051 2.07+0.73 Os
cps* 1.15+0.46 0.47 £ 0.09 oo
#
cD4CD8 2,60+ 0.46 1.2240.39 O
Dkk1"M:Lck-Cre Spleen n=5 n=3
oo 0.756
Total counts (*10°) 22.0+11.2 24.3+6.35 +10%
CD3*CD4" 2,67 +1.53 2.96 +0.80 o
e oot 0.727
CD3'CD4'CD69 0.17 £ 0.09 0.19+0.08 o
CD3'CD8* 212+1.02 2.39+0.58 9000
ot 0.766
CD3"CD8'CD69 0.06 +0.03 0.07 +0.03 oot
CD4'CD25"FoxPs* 0.28+0.16 0.17+0.03 O
CD4'TCRR*CD44°*CD62L"" 0.32+0.16 0.29+0.08 0_'5025
Dkk1"™:|_ck-Cre Thymus n=5 n=3
6 0.278
Total counts (*10°) 65.3+27.3 100+ 57.2 +53%
CD4"CD8" 43.9+18.1 66.5+ 37.2 oz
. 0.123
cD4 2.44+1.43 5.22 + 3.06 1aoe
cos* 0.98+0.79 1.77+1.06 920
CD4CD8 1.10+0.53 211+1.18 e

Cell types were distinguished by flow cytometry according to the surface markers. Data represent the mean + SD.
Statistical analysis was performed by student’s t-test. #p<0.05.



Supplementary Table 4 (related to main Figure 6). Bone phenotype of third and fourth
vertebral body from 14-week-old female sham vs. ovariectomized (OVX) Dkk1":Lck-Cre
mice.

Cre- Cre+
Pvalue Pvalue
Spine Sham OVX and % Sham OVvX and %
change change
Dkk1":Lck-Cre n=9 n=12 n=9 n=11
uCT
<0.05 " s 0.095
Th.N [1/mm] 3.53+0.25 3.14+0.32 12% 3.96 £ 0.26 3.62+0.44 9%
<0.05 " o >0.999
Th.Sp [mm] 0.30+0.03 0.34+0.03 +8% 0.26 £ 0.02 0.26 £ 0.03 +0%
Histomorphometry
>0.999 >0.999
MS/BS [%)] 23.7 £ 3.07 25.5+ 3.07 +8% 25.4+2.10 26.2 + 3.57 +3%
<0.01 4 0.406
MAR [um/d] 1.63+0.29 2.56 + 0.69 +579% 250+ 0.34 258+ 0.57 3%
>0.999 >0.999
N.Ob/B.Pm [#/mm] 18.4 + 3.47 19.0 £ 3.97 +3% 19.2 £+ 2.87 21.2+2.61 +10%

MAR = mineral apposition rate, BFR/BS = bone formation rate/bone surface, N.Ob/B.Pm = number of osteoblasts,
N.Oc/B.Pm = number of osteoclasts/bone perimeter. Data represent the mean + SD. Statistical analysis was
performed by the Two-Way-ANOVA. #p<0.05, ##p<0.01, ###p<0.001 vs respective Cre negative control.

Supplementary Table 5 (related to main Figure 6). Total number [*10°] of splenic T cells
populations and bone marrow-derived myeloid suppressor cells and spleen-derived B cells in
sham operated vs. ovariectomized (OVX) Dkk1"":Lck-Cre mice.

Cre- Cre+
Cell populations Shflm O\_/X P value and Shflm O\_/X P value and
(n=6) (n=6) % change (n=6) (n=6) % change
Dkk1":Lck-Cre n=6 n=6 n=6 n=6
cp3* 21.0£279  26.0%2.14 oo 200271  243%1.22 o
CD3*CD4* 551+0.73  6.99+0.77 oo 565+0.74  6.63+0.67 oL
CD3*CD4"CD69* 072+010  1.02+0.12 oo 0.71+0.06  0.93+0.15 o
CcD3*CD8* 5134079  6.23%052 o 5134057  6.11%053 o
CD3'CD8'CD69" 016+0.03  0.20+0.03 o 016+0.02  018+0.03 oo
CD11b'GR1 193£051  195%0.15 0099 203£028  1.95%0.30 70599
CD45R" 37.1+7.05 40.0+3.75 >Sé%29 36.8+6.77 40.8+5.75 >+01'?3?

Cell types were distinguished by flow cytometry according to the indicated surface markers. CD3* = T cells,
CD3*CD4* = T helper cells, CD3*CD4*CD69* = activated T helper cells, CD3*CD8" = cytotoxic T cells,
CD3*CD8*CD69" = activated cytotoxic T cells, CD11b*GR1" = myeloid-derived suppressor cells, CD45R* = B
cells. Data represent the mean + SD. Statistical analysis was performed by the Two-Way-ANOVA. #p<0.05,
##p<0.01, ###p<0.001 vs respective Cre negative control.
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