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Osteoclasts (OCs) are bone-resorbing cells that are formed from
hematopoietic precursors. OCs ordinarily maintain bone homeo-
stasis, but they can also cause major pathology in autoimmune
and inflammatory diseases. Under homeostatic conditions, re-
ceptor activator of nuclear factor kappa-B (RANK) ligand on osteo-
blasts drives OC differentiation by interaction with its receptor
RANK on OC precursors. During chronic immune activation, RANK
ligand on activated immune cells likewise drives pathogenic OC
differentiation. We here report that the related TNF family mem-
ber CD70 and its receptor CD27 can also mediate cross-talk be-
tween immune cells and OC precursors. We identified CD27 on
a rare population (0.3%) of B220 c-Kit*CD115*CD11b"" cells in
the mouse bone marrow (BM) that are highly enriched for osteo-
clastogenic potential. We dissected this population into CD27"i9h
common precursors of OC, dendritic cells (DCs) and macrophages
and CD27'°"/"9 downstream precursors that could differentiate
into OC and macrophages, but not DC. In a recombinant mouse
model of chronic immune activation, sustained CD27/CD70 inter-
actions caused an accumulation of OC precursors and a reduction
in OC activity. These events were due to a CD27/CD70-depen-
dent inhibition of OC differentiation from the OC precursors
by BM-infiltrating, CD70*-activated immune cells. DC numbers in
BM and spleen were increased, suggesting a skewing of the OC
precursors toward DC differentiation. The impediment in OC dif-
ferentiation culminated in a high trabecular bone mass pathology.
Mice additionally presented anemia, leukopenia, and splenomeg-
aly. Thus, under conditions of constitutive CD70 expression reflect-
ing chronic immune activation, the CD27/CD70 system inhibits OC
differentiation and favors DC differentiation.
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Bone homeostasis relies on the balance between bone-forming
osteoblasts (OBs) and bone-degrading osteoclasts (OCs).
Whereas OBs are derived from mesenchymal stem cells (1), OCs
are hematopoietic cells of the myeloid lineage (2). The cytokines
macrophage-colony stimulating factor (M-CSF) and receptor
activator of nuclear factor kappa-B (RANK) ligand (L) drive OC
development from their bone marrow (BM) precursors. M-CSF
mediates proliferation and survival of OC precursors (P) (3) and
stimulates OCPs to express the receptor for RANKL (2). RANKL
promotes the differentiation of OCPs into mature OCs (4-6) and
activates mature OCs to resorb bone (7). Under homeostatic
conditions, RANKL is produced by OBs (4, 8) and osteocytes (9),
but, in chronic immune activation or autoimmunity, RANKL can
also be produced by immune cells that thereby cause pathological
bone loss and remodeling (10-12).

OCs are derived from myeloid progenitors that also give rise
to monocytes, macrophages, and dendritic cells (DCs). However,
the phenotypic definitions of OCP are remarkably varied. OCs
are derived experimentally from total BM or subpopulations
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thereof, but also from committed immature DCs, monocytes, or
macrophages. In the mouse, a common precursor of OCs and
DCs has been identified in the BM (2, 13), in a cell population
that expresses the Stem-Cell Factor receptor c-Kit, the M-CSF
receptor CD115, and the myeloid lineage marker CD11b (at low
level). In this study, we identify CD27 as a marker that discrim-
inates these c-Kit*CD115*CD11b'" common OC/DC precursors
from their still RANK-negative, but more OC-committed, off-
spring. In the mouse, CD27 is expressed on hematopoietic stem
cells (14), common lymphoid (15, 16), myeloid, and granulocyte/
macrophage progenitors (17). CD27 is not required for hema-
topoiesis under homeostatic conditions but regulates responses
of mature T and B lymphocytes upon infection or immunization
(18, 19).

CD27 provides costimulatory signals for survival of activated
lymphocytes (18, 19). CD27 costimulation is critical for virus
control in human, as testified by the lethal EBV viremia in hu-
man genetic CD27 deficiency (20). CD27 function is controlled
by the tightly regulated expression of its ligand CD70. CD70 is an
exquisite hallmark of an activated immune system. It is induced
on DCs and B and T cells upon their activation (18, 19). In
rheumatoid arthritis patients, CD70 is the most important
differentially expressed gene in CD4™ T cells (21). CD70 ex-
pression on CD4" T cells is diagnostics in systemic lupus eryth-
ematosus (22). CD70 expression not only hallmarks chronic
immune activation, but it also drives this process. In mice with
constitutive, transgenic CD70 expression on B cells or DC, the
threshold for T-cell activation is lowered. As a result, effector
CD4* and CD8" T cells are generated in the absence of de-
liberate immunization. Also, endogenous CD70 expression is
induced on a variety of activated immune cells (19, 23, 24).

We report here that mice suffering from chronic immune ac-
tivation due to constitutive expression of CD70 on DCs develop
a CD27-dependent high trabecular bone mass pathology. These
mice have reduced OC activity whereas bone-forming activity
appeared normal. We found that CD27 is expressed on B2207c-
Kit*CD1157CD11b'°" OCPs in the BM of healthy mice and
diagnoses two successive stages of OC commitment. In the af-
fected mice, endogenous CD70 on BM-infiltrating activated im-
mune cells inhibited OC differentiation from these OCPs, in
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Fig. 1. Cd27"~;Cd70tg mice have a high trabecular bone mass phenotype. (4)
Macroscopic view of pale bone in Cd27”‘;Cd70tg mice, compared with Cd277"~;
Cd70tg and Cd27"~ control mice. (B) Stereomicroscopy of long bones from mice
of the indicated genotypes. (C) Examples of histological analyses of long bones
from mice of the indicated genotypes (age 10-12 wk). Oval denotes the af-
fected area in Cd27"~;Cd70tg mice. (Original magnification: 2.5x.) High mag-
nifications of deeper sections of the same bones (10x) are shown in Fig. S1A.
(D and E) Quantification of trabecular bone separation and thickness from
histological data of male mice (age 8-10 wk; Cd27/~;Cd70tg: n = 3; Cd27";
Cd70tg:n=5; Cd27"~ n=4; *P < 0.05; **P < 0.01; ***P < 0.001). See Fig.S1 B
and Cfor data on female mice and Fig. S1D for BV/TV. (F) lllustration of the high
trabecular bone mass phenotype by pCT. Region between the two lines was
used for BV/TV determination on total tibia, including trabecular and cortical
bone. (G) Quantification of BV/TV (ratio) from pCT data in age-matched mice of
the indicated genotypes (n = 3-4, *P < 0.05).

a CD27-dependent manner. This inhibition explained the high
bone mass phenotype and revealed a pathway of CD27/CD70-
mediated control on osteoclastogenesis.

Results

High Trabecular Bone Mass and Repressed Hematopoiesis in CD11c-
Cd70tg Mice. To create a model of chronic immune activation,
CD70 was constitutively expressed on conventional DCs under
control of the CD11c promoter (24). The resulting CD11c-Cd70
transgenic (tg) line was maintained on a CD27-deficient back-
ground by interbreeding of Cd27~'~;Cd70tg mice. This breeding
was done to avoid immune activation due to constitutive CD27-
CD70 interactions. To generate CD27-proficient Cd70tg mice,
the Cd277/7;Cd70tg mice were bred with WT mice, resulting
in Cd27+~;Cd70tg and Cd27"~ littermates. We consistently
observed that the Cd27+~;Cd70tg mice had abnormally pale
bones, compared with cd27 ~,Cd70tg and Cd27*"~ control mice
(Fig. 14). Stereomicroscopy revealed that the bone cavity of
these mice was aberrantly filled with trabecular bone (Fig. 1B).
Histological examination of 8- to 21-wk-old mice confirmed
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that the bone cavity of Cd27+~;Cd70tg mice was aberrantly filled
with trabecular bone, particularly in the metaphysis near the
growth plate (Fig. 1C, Fig. S14). This pathology was apparent in
long bones and sternum of Cd27+~;Cd70tg mice, regardless of
sex. Quantitative analysis of histological images pointed out that,
in both males and females, trabecular bone separation was signifi-
cantly reduced (Fig. 1D, Fig. S1B) and trabecular bone thickness
(Fig. 1E, Fig. S1C) was significantly increased in Cd27+~;Cd70tg
mice, compared with control mice. The bone area per tissue area
(BV/TV) as deduced from histology was significantly higher (Fig.
S1D). Femurs were also examined by high-resolution micro-
computed tomography (pCT), as illustrated in Fig. 1F. The pCT
analysis confirmed the histological findings. In Cd27"'~;Cd70tg
mice, the trabecular bone was increased in volume and in places
fused with the cortical bone. Quantitative analysis of the nCT
data indicated that the BV/TV for total tibia, including both
trabecular and cortical bone, was significantly higher in Cd27+';
Cd70tg mice than in control mice (Fig. 1G).

In the time frame of 4-11 wk after birth, Cd27*'~;Cd 70tg mice,
but not control mice, developed additional pathology in the form
of leukopenia, anemia (Fig. S24), and enlarged spleens (Fig.
S2B) with increased hematopoietic activity (Fig. S2C). We con-
clude that Cd27"'~;Cd70tg mice develop a high trabecular bone
mass pathology and repressed hematopoiesis. The disease phe-
notype in CD11c-Cd70tg mice is driven by constitutive CD27-
CD70 interactions because it does not appear when CD70 is
constitutively expressed on a CD27-deficient background.

Bone Formation Appears Normal in CD11¢c-Cd70tg Mice. The increased
trabecular bone mass in Cd27*"'~;Cd70tg mice could be due to
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Fig. 2. Bone forming activity appears normal in Cd27"~;Cd70tg mice. (A)
Alcian blue-periodic acid Schiff histochemistry, identifying cartilage extracel-
lular matrix within the growth plate of the femur. (Original magnification: 20x.)
(B) Using ImageJ software, histochemistry data were quantified in Cd27+"~;
Cd70tg and Cd27*"~ control mice (n =5; age 10-12 wk). (C) Serum level of the
bone formation marker osteocalcin, determined by ELISA in Cd27"~;Cd70tg
mice and Cd27~ control mice (n = 8§; age 8-10 wk). (D-F) Dynamic bone la-
beling with calcein of female Cd27"~;Cd70tg mice and control Cd277~;Cd70tg
mice (n = 3-4; age 8 wk). Mice were injected at days 0 and 7 with 10 mg/kg
calcein (Sigma) in PBS and killed at day 10. Longitudinal midfemur cryostat
sections from snap frozen, gelatin-embedded bones were analyzed by micros-
copy. (D) lllustration of calcein incorporation into the femur shaft bone as
detected by fluorescence microscopy. Dynamic bone parameters were assessed
for half of the shaft. (E) Mineral apposition rate (MAR), determined by mea-
suring the distance between the two fluorescent lines depicted in D at multiple
sites in the shaft and calculating the mean. (F) Bone formation rate (BFR), i.e.,
MAR multiplied by the shaft fraction that was double labeled with calcein,
based on half of the shaft length, measured from the epiphysis.

Xiao et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216082110/-/DCSupplemental/pnas.201216082SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216082110/-/DCSupplemental/pnas.201216082SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216082110/-/DCSupplemental/pnas.201216082SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216082110/-/DCSupplemental/pnas.201216082SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216082110/-/DCSupplemental/pnas.201216082SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216082110/-/DCSupplemental/pnas.201216082SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216082110/-/DCSupplemental/pnas.201216082SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216082110/-/DCSupplemental/pnas.201216082SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216082110/-/DCSupplemental/pnas.201216082SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216082110/-/DCSupplemental/pnas.201216082SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216082110/-/DCSupplemental/pnas.201216082SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216082110/-/DCSupplemental/pnas.201216082SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216082110/-/DCSupplemental/pnas.201216082SI.pdf?targetid=nameddest=SF1
www.pnas.org/cgi/doi/10.1073/pnas.1216082110

A O Cd27+1-;Cd70tg B C O Cd27+-;,Cd70tg

W Cd27+- Cd27+-;Cd70tg Cd27+/- W Cd27+-

30 & R -t 3 60
= M M4 T
E a om /A | 83
® 20 3 | w0 ' \ + 040 *
£ *x O / \ ¥
P S f o™ wl 7 i zZ8
& 10 # o) M \ &5
o ket o ‘1 50

" Y e
RANK
g =T Q 1201 & cdar+-;carotg ey
. ‘> 3  Cd27+-

5 o - H
Q - ‘ ]
-~ o ke
¥ oM —_—
Tty o b
o L] (3] .. a5

: 2 'l- > = r ‘U-

N W & .E
Tt H z
5B & %
3T ol

o e 5 »Hc 35 6-10 >10 Total
£ e et | Number of nuclei

Fig. 3. OC differentiation is reduced in Cd27"'~;Cd70tg mice. (A) CTX-l
levels, read out by ELISA in serum of Cd27''~;Cd70tg mice and Cd27*~
control mice (n = 5; age 12 wk). The experiment is representative of two.
(B and C) RANK induction. Total BM of Cd27*/~;Cd70tg mice and Cd27*~
control mice (n = 4) was cultured for 3 d with M-CSF and analyzed for
presence of RANK*, CD11b™* cells. (B) Representative flow cytometric anal-
ysis. (C) Quantification of RANK™ cells within CD11b* BM cells. (D and E)
Total BM cells of 7- to 8-wk-old mice (n = 4) were cultured at 100,000 cells
per well in duplicate with M-CSF and RANKL. At day 6, mature OCs were
identified as tartrate-resistant acid phosphatase (TRAP)* cells containing
more than three nuclei. (D) Microscopic image of in vitro OC differentiation
cultures showing TRAP and DAPI staining. Insets in Left indicate areas se-
lected for digital zoom-ins presented in Right. (E) Quantitative analysis of OC
differentiation. OCs are categorized in classes with 3-5, 6-10, and more than
10 nuclei (***P < 0.001). Data are representative of multiple independent
experiments.

increased bone formation and/or to decreased bone degradation.
We assessed thickness of the bone growth plate by alcian blue
histochemistry (Fig. 24). The growth plate consists of cartilage
that is partly mineralized by newly deposited bone. The thickness
of the growth plate was similar in Cd27+~;Cd70tg mice and
Cd27"'~ controls (Fig. 2B), giving no indication for altered bone
formation. Furthermore, levels of osteocalcin, a serum marker of
bone formation, were comparable in Cd27+~;Cd70tg mice and in
controls (Fig. 2C). Dynamic bone formation was assessed by in
vivo labeling with calcein (Fig. 2D). No statistically significant
differences were detected between Cd277~;Cd70tg mice and
Cd277=;Cd70tg controls in mineral apposition rate (MAR) (Fig.
2F) and bone formation rate (BFR) (Fig. 2F). Therefore, the
bone phenotype in Cd27"~;Cd70tg mice was most likely not due
to increased OB number and/or activity.

OC Function Is Diminished in CD11c-Cd70tg Mice. Serum levels of
collagen type I telopeptides (CTX-I) were significantly lower in
Cd27"~;Cd70tg mice than in Cd27*~ controls (Fig. 34), sug-
gesting a deficit in OC activity and/or formation. Upon in vitro
culture with M-CSF, BM cells of Cd27+/’;Cd70tg mice were
slower or less effective to generate CD11b*RANK™ cells than
BM cells of Cd27"'~ control mice (Fig. 3 B and C). BM cells
were next cultured with M-CSF and RANKL, and generation
of multinuclear OC was determined as described (25) (Fig. 3D).
In Cd27+~;Cd70tg BM cultures, the yield of OC was signifi-
cantly lower than in control Cd27+~ cultures, in all categories
of multinucleated cells (Fig. 3E). We conclude that BM pre-
cursors in Cd27'~;Cd70tg mice have a diminished capacity to
differentiate into OC, which is linked with reduced overall OC
activity. Impaired OC differentiation is the probable cause of the
high trabecular bone mass phenotype in these mice because OB
function appeared normal.
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CD27 Hallmarks OCPs and Separates Them into Common OC/DC
Precursors and More Committed OCPs. To examine how OC differ-
entiation was affected, it was important to assess the frequency
and differentiation potential of OCPs. Reportedly, OCPs reside
in the B220"CD11b"" subset of c-Kit*CD115" hematopoietic
precursor cells (2, 13, 26). To verify this concept, we sorted c-Kit*
CD115" BM cells into B220* or B220~ cells that were either
CD11b"e" or CD11b' (Fig. S34). The B220* populations
failed to give rise to OCs upon in vitro culture, but both B220™
populations yielded OCs, with the CD11b'" population being
the most effective (Fig. S3 B and C). This observation confirmed
that a B220¢c-Kit*CD115*CD11b"°" phenotype specifies OCPs
in the mouse BM. Strikingly, CD27 was expressed on these OCPs
(Fig. 44, Left), and the CD27 expression level discerned
CD27"e" (G2) and CD27"™ (G1) subsets within the OCP
population. The combined subsets comprised less than 0.4%
of total BM cells (Fig. 44, Right). Recently, a CD115"RANK"
OCP has been described (27). Flow cytometry indicated that
this population is most likely a subset of the CD27'*" OCPs
that are partly RANK™ (Fig. S44). CD27"¢" OCPs did not have
RANK expression (Fig. S44), suggesting that these are precursors
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Fig. 4. CD27 is expressed on B220™c-Kit"CD115*CD11b'®" OCPs and separates
them into common OCUDC precursors and more committed OCPs. (A, Left)
Staining and gating strategy for flow cytometric identification of CD27 on
B220 ¢Kit*CD115*CD11b'*" OCPs in the murine BM, and subdivision of this
population into CD27M9" (G2) and CD27'°% (G1) subsets. Numbers indicate the
percentage of cells within the gate. Fluorochromes used were CD27 PE, B220
PB, c-Kit PE-Cy7, CD115 APC, and CD11b PerCP-Cy5.5. (Right) Frequency of in-
dicated OCPs in total BM. (B) OCPs (B220 c-Kit"CD115*CD11b'%) with a
CD27M9" (G2) or CD27"°% (G1) phenotype were sorted from pooled BM cells of
WT mice (n = 4), and 3,000 cells of each population were cultured under OC
differentiation conditions. Triplicate cultures were quantified on day 5, (**P <
0.01). (Cand D) Sorted CD27"9" and CD27'°" OCP subsets were cultured with (+)
or without (—) M-CSF. After 36 h, CD27, RANK, and CD11b expression was de-
termined by flow cytometry. (F and F) Sorted CD27"9" and CD27'°" OCP subsets
were cultured with FIt3 ligand. At day 8, cells were stained for CD11c and B220
to identify conventional (c) DC and plasmacytoid (p) DC and analyzed by flow
cytometry. () Quantification of total CD11c* DCs generated from cD27M9" (G2)
and CD27'°" (G1) OCP subsets. (F) Representative flow cytometric analysis of
cells derived from the CD27"9" (G2) OCP subset, diagnosing ¢DCs, and pDCs.
Data are representative of three independent experiments.

PNAS | July 23,2013 | vol. 110 | no.30 | 12387

IMMUNOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216082110/-/DCSupplemental/pnas.201216082SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216082110/-/DCSupplemental/pnas.201216082SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216082110/-/DCSupplemental/pnas.201216082SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216082110/-/DCSupplemental/pnas.201216082SI.pdf?targetid=nameddest=SF4

L T

/

D\

of the CD27'"Y OCP. The CD27"#" and CD27'** OCP subsets
were purified by flow cytometric sorting (Fig. S4 B and C) and
cultured under OC differentiation conditions. In the CD27'°%
OCP cultures (G1), mature OCs had developed at day 5 whereas
significantly fewer OCs were seen in the CD27"¢" OCP cultures
(G2) gFig. 4B). To test the relationship between the CD27"€" and
CD27°% OCPs, we stimulated them with M-CSF that is known to
up-regulate RANK on c-Kit"CD115*CD11b'" OCPs (2). M-CSF
up-regulated RANK and CD11b expression on CD27"€" OCPs and
down-regulated CD27 expression (Fig. 4C, Fig. S4D). M-CSF did
not alter CD27 expression on CD27°” OCPs. In the time frame
of the assay, M-CSF more pronouncedly up-r_egulated RANK and
CD11b on CD27"°% OCPs than on CD27"¢" OCPs (Fig. 4D).
These data suggest that the CD27"&" OCP is the precursor of
the CD27'°™ OCP.

OCs and DCs are closely related and can be derived from
Fms-like tyrosine kinase 3 (FIt3)* common precursors (13). To
test the potency of CD27"¢" and CD27"™ OCPs to form DCs,
they were cultured with Flt3 ligand. Only CD27"¢" OCPs, but
not CD27°% OCPs could give rise to conventional and plasma-
cytoid DCs (Fig. 4 E and F). These data identify CD27 as a unique
marker to discern successive stages of OC commitment in OCPs.
The CD27"¢" B220"c-Kit"CD115*CD11b"™ BM cells are com-
mon precursors of OCs and DCs whereas their CD27'" offspring
constitutes a population that can differentiate into OCs, but not
DGs. It is known that c-Kit"CD1157CD11b™" OCPs can differ-
entiate into OCs, DCs, and macrophages (2, 13). Both CD27"e"
and CD27"°% OCPs could give rise to macrophages upon culture
with M-CSF only (Fig. S4 E and F), so the CD27°°™ OCP is not
fully committed to OC differentiation.

Sustained CD27-CD70 Interactions Prevent OCPs to Differentiate into
0Cs. We next examined the fate of the defined OCPs in Cd27"'~;
Cd70tg mice. In control Cd27"~ mice, the CD27"&" and CD27"
OCPs were readily identified among B220 ¢c-Kit*CD115*CD11b"Y
BM cells (Fig. 54). However, in Cd27* ~;,Cd70tg mice, the level of
CD27 expression on these OCP was greatly reduced, approximating
the background on Cd27~'~;Cd70tg OCP (Fig. 54). This ex-
pression level suggested that CD27 was down-regulated from
the cell surface due to contact with CD70-bearing cells. The
frequency (Fig. 5B) and absolute number (Fig. 5C) of total
B220~c-Kit*CD115"CD11b"~ OCPs in the BM was significantly
increased in Cd27"~;Cd70tg mice compared with Cd27"~ mice
(Fig. 5C), indicating that constitutive CD27-CD?70 interactions led
to an OCP accumulation. In Cd277/=;Cd70tg mice, the frequency
and absolute number of OCPs were comparable with those in
Cd27""~ mice, indicating that CD27-CD70 interactions are not
required for homeostatic OCP development or maintenance (Fig.
5 B and C). For comparison of their developmental potential, we
cultured side-by-side total BM cells (at 100,000 cells per well) and
sorted B2207c-Kit"CD115*CD11b'" OCP (at 3,000 cells per
well). The results at day 6 highlight the efficiency of OC formation
from the sorted OCP that yielded more and larger multinucleated
mature OCs in this time frame than the precursors in total BM
(Fig. 5D, Fig. S5). OC formation from total BM cells of Cd27+;
Cd70tg mice was significantly impeded compared with the controls
(Fig. 5E). Importantly, however, OC formation from purified
OCPs was comparable between all three genotypes (Fig. 5F).
This result indicated that, in Cd27" ~,Cd70tg mice, OCPs cannot
effectively differentiate into OCs due to contact with other cells in
their BM environment. Apparently, sustained CD27-CD70 in-
teractions between CD27-bearing OCPs and surrounding CD70-
expressing cells inhibit the OCPs to differentiate into mature OCs.

Constitutive CD27 Engagement by CD70-Bearing Cells in the BM Limits
0C Formation, But Allows DC Formation. We next set out to identify
CD70-bearing cells in the BM that might be involved in inter-
action with CD27 on OCPs and inhibition of OC differentiation.
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Fig. 5. Sustained CD27-CD70 interactions result in accumulation of CD27'°%
OCP in the BM that are arrested in their further development. (A) Flow
cytometric analysis of CD27 expression levels on gated B220 c-Kit*CD115*
CD11b"°" OCPs as identified in BM of mice of the indicated genotypes.
Fluorochromes used were CD27 FITC, B220 PB, c-Kit PE-Cy7, CD115 APC, and
CD11b PerCP-Cy5.5. (B and C) Frequency (B) and absolute number (C) of total
B220~c-Kit*CD115*CD11b'°™ OCPs in BM of mice of the indicated genotypes
(n = 3-4; *P < 0.05; **P < 0.01). Data are representative of three in-
dependent experiments. (D-F) Side-by-side OC differentiation cultures of
bulk BM cells and sorted OCPs. Bulk BM cells from mice of the indicated
genotypes (n = 4, age 5 wk) were seeded at 100,000 cells per well. The same
batches of BM cells were pooled (n = 4) per genotype for OCP sorting, and
purified OCPs were seeded at 3,000 cells per well. Cultures were performed
in quadruplicate and read out at day 6. (D) Representative images obtained
by combined light and fluorescence microscopic examination of OC culture
results at day 6. Green color represents DAPI staining of nuclei. (Original
magnification: 5x.) (E and F) Quantification of OC numbers at day 6 after
plating under OC culture conditions of bulk BM cells (E) or purified OCPs (F)
(***P < 0.001). Data are representative of two independent experiments.

In Cd27%~;Cd70tg mice, the BM contained significantly fewer
B cells, more T cells, and more DCs than in Cd27"~ and Cd277;
Cd70tg controls (Fig. 64). This altered composition agrees with
the B-cell depression and T-cell activation observed in Cd70tg
mice (23, 24). In Cd27"'~;Cd70tg mice, a proportion of BM-
infiltrating B cells, T cells, CD11b™ myeloid cells, and DCs
expressed CD70 whereas CD70 was not expressed in the Cd27+/~
controls (Fig. 6B). In Cd27~/=;Cd70tg mice, only DCs expressed
CD70, and at lower levels than in Cd27"'~;Cd70tg mice (Fig. 6B).
Therefore, the expression of CD70 on B, T, and CD11b* mye-
loid cells in Cd27+~;CD11c-Cd70tg mice was not due to Cd70
transgene expression, but due to CD27/CD70-driven immune ac-
tivation. On DCs, CD70 was strongly up-regulated. We conclude
that the BM of Cd27"'~;Cd70tg mice is infiltrated with diverse
activated immune cells, including DCs that have up-regulated
endogenous CD70. OCPs themselves did not express CD70
(Fig. S4F).
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Fig. 6. Constitutive CD27 engagement by CD70-bearing cells in the BM
limits OC formation. (A) Frequency of B cells (8220%), T cells (CD3%), myeloid
cells (CD11b"), and DCs (CD11c*) cells within total BM cells in mice of the
indicated genotypes (n = 3, age 7-8 wk, **P < 0.01; ***P < 0.001 compared
with Cd27*~ mice). (B) Representative flow cytometric analysis of CD70 ex-
pression on the indicated cell populations in the BM of mice of the indicated
genotypes, diagnosed as in A. Data in A and B are representative of three
independent experiments. (C) Numbers of OCs generated from total BM
cells of mice of indicated genotypes at day 6 after plating under OC differ-
entiation conditions with (+) or without (=) anti-CD70 mAb FR70 (5 pg/mL).
Each bar represents mean + SEM of four to five mice, with triplicate samples
for each mouse (***P < 0.001). (D) Numbers of OCs formed from total BM
cells of Cd27*”;Cd70tg mice (control) or the same cells that were flow
cytometrically depleted for B cells (B220"), T cells (CD3%), myeloid cells
(CD11b"9M), or DCs (CD11c*) (n = 3; ***P < 0.001). Number of cells seeded
were corrected for percentage of cells depleted. Data in C and D are rep-
resentative of two independent experiments. (E and F) Absolute number
of DCs in BM and spleen of mice of the indicated genotypes (n = 3-4, age
7-8 wk; *P < 0.05; **P < 0.01).

To test whether interactions between CD27 on OCPs and
CD70 on surrounding immune cells impeded OC differentiation,
we used a well-defined CD70 blocking antibody (28). This anti-
body restored OC differentiation in Cd27+'~;Cd70tg BM cultures
to the level seen in Cd27*'~ control cultures (Fig. 6C), indicating
that CD70 caused the inhibition of OC differentiation. We next
depleted total BM cells of Cd27*'~;CD11c-Cd70tg mice of B
cells, T cells, and CD11b"&" myeloid cells before OC differ-
entiation cultures. OC formation was not affected by the ab-
sence of DCs, indicating that CD70 on DCs was not responsible
for the suppression (Fig. 6D). However, OC formation was sig-
nificantly increased in the absence of CD11bMe cells, implicat-
ing these cells in the observed suppression of OC differentiation
via the CD27/CD70 pathway. We considered that, apart from
OC differentiation, DC differentiation might also be affected
in Cd27%'~;Cd70tg mice, if CD70-bearing immune cells impact
on the CD27"€" OC/DC precursor. Indeed, in BM and spleen
of Cd27%'~;Cd70tg mice, DC numbers were significantly in-
creased compared with both controls (Fig. 6 E and F). This
increase suggests that, due to sustained CD27/CD70 interactions,
the OC/DC precursor is skewed away from OC differentiation
toward DC differentiation (Fig. S6).

Xiao et al.

Discussion

Arai et al. identified a rare population of c-Kit"CD115"CD11b'°""°8
cells in the murine BM that is greatly enriched for OCPs (2). These
OCPs cannot form granulocytes, megakaryocytes, or erythrocytes,
but can form DCs, monocytes, and macrophages (2, 13). They
must therefore be downstream from common myeloid precursors
and separate from granulocyte/macrophage precursors (29). We
have confirmed that the ¢-Kit"CD115*CD11b"*" population har-
bors common OC/DC precursors and have refined that these are
in the B220™ fraction, in agreement with Jacquin et al. (26). More-
over, we have discerned among the B220~ ¢-Kit*CD115"CD11b"™
population a CD27"8" subset containing common precursors of
OCs, DCs, and macrophages and a downstream, more committed
CD27"" subset that could yield OCs and macrophages, but not
DCs. Upon culture with M-CSF, the CD27"" precursors down-
regulated CD27 and gained RANK expression, testifying to fur-
ther OC commitment. The CD27'Y population was not uniformly
RANKY, but contained RANK™ cells, which are likely the pre-
viously described RANK*CD115* quiescent OCPs (27). Moreover
Flt3, a key receptor for homeostatic DC differentiation (30) was
down-regulated when CD27"€" OC/DC precursors made the
transition to the CD27°™ stage, indicating further commitment
(Fig. S6B). However, because CD27°™ OCPs could still yield
macrophages, they were not fully committed to OC differentiation.

The novel field of osteoimmunology highlights that the BM
reservoir provides a niche for immune cells to meet OBs, OCs,
and their precursors (10, 11). RANKL is made by OBs, but also
by certain activated CD4* T cells, including the proinflammatory
T helper-17 subset (12, 31, 32). The cross-talk of these RANKL-
bearing T cells with OCPs causes bone loss during chronic im-
mune activation, as in experimental rheumatoid arthritis (12, 32—
34). In human, activated T cells likewise drive OC development
(35, 36). Based on these findings, Denosumab, a humanized
antibody targeting RANKL, was developed for clinical applica-
tion. Our data now implicate the CD27/CD70 pathway in cross-
talk between immune cells and OCPs in the mouse. CD27 de-
ficiency did not affect normal bone homeostasis (Fig. S1), and
WT and Cd27~~ OCPs differ only in CD27 expression (Fig. S7).
Therefore, the CD27/CD70 axis does not appear to control OC
development under homeostatic conditions. Rather, our data
argue that the CD27/CD70 pathway provides feedback inhibition
on OC genesis when activated, CD70* immune cells infiltrate the
BM. Inhibition of OC differentiation in CD11c-Cd70tg mice is
not due to an intrinsic defect in OCPs or cross-talk among OCPs
because purified OCP differentiated normally in vitro. Rather,
surrounding cells in the BM cells mediated the suppression, in
a CD27/CD70-dependent fashion. Depletion of DCs did not
affect OC differentiation, indicating that transgenic CD70 on
DCs was not responsible. Rather, activation-induced CD70 on
CD11b* myeloid cells appeared to contribute to the suppression.
In CD11c-Cd70tg mice, all OCPs have a CD27"% phenotype
(Fig. 54), presumably due to down-regulation of CD27 by CD70
on surrounding immune cells. However, it is also possible that
interaction between CD70 and CD27 on immune cells in the BM
results in signals that impact on the OCPs.

CD27-proficient CD11c-Cd70tg mice experience progressive
immune activation in the first months after birth (24). Most in-
formation on immune activation in Cd70tg mice has come from
analysis of CD19-Cd70tg mice that have constitutive CD70 ex-
pression on B cells. In these mice, T cells are activated and
mature into effector cells that enter into circulation (23). In time,
the lymph nodes are depleted of naive T cells whereas B-cell
development is arrested by T cell-derived IFNy (23, 37). This
process starts after birth and culminates in a lethal, combined
T- and B-cell immunodeficiency. All symptoms are due to sustained
CD27-CD70 interactions (37). CD19-Cd70tg mice also have an
accumulation of OC/DC precursors although they do not display
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a bone phenotype (Fig. S8 A and B). In their BM, primarily the
transgenic B cells express CD70, but not CD11b* cells (Fig. S9).
These CD70" B cells apparently also cause OCP accumulation,
but not a bone phenotype. We surmise that the bone phenotype
in CD11c-Cd70tg mice is due to a niche effect wherein CD70*
CD11b* cells play an important role. The BM of both Cd70tg
mouse strains is aberrantly infiltrated with IFNy-producing T
cells (Fig. S10 A-C). Because IFNy can inhibit OC differentia-
tion (31), we examined its impact in CD19-Cd70tg mice that
were available on an IFNy~~ background. IFNy deficiency did
not rescue the aberrant OCP accumulation in CD19-Cd70tg
mice (Fig. S10D). Therefore, IFNy produced by activated T cells
is most likely not the cause of the OCP accumulation and im-
paired OC differentiation in CD11c-Cd70tg mice.

Thus, under conditions of constitutive CD70 expression on
DCs, reflecting chronic immune activation, the CD27/CD70 path-
way inhibits OC differentiation and favors DC differentiation. The
inhibition of OC genesis consequently provides feedback that
can attenuate the detrimental effects of OCs. This feedback
may operate during conditions of chronic immune activation
that lead to BM infiltration by the relevant CD70-bearing acti-
vated immune cells. It will be of interest to find examples of
this mechanism in immune-related disease models. In murine
collagen-induced arthritis, CD70-blocking antibody attenuated
disease, reducing immune cell infiltration of the joints, anti-col-
lagen antibody levels, and bone erosion (38). Thus, the CD27/
CD70 pathway promotes rather than inhibits the detrimental
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effects in arthritis, in line with its driving force in chronic immune
activation (18, 23, 24). The Cd27+/’;CDllc-Cd70tg mice also
present with lymphopenia, anemia, and increased hematopoiesis in
the spleen. In Cd27*;CD19-Cd70tg mice, CD27 is down-regulated
on hematopoietic stem cells, and leukocyte development from
these precursors is impeded (39). Possibly, HSCs are similarly
impaired in generating the various blood cell lineages in Cd27"~;
CD11¢-Cd70tg mice. The feedback control by CD70" immune cells
on CD27* hematopoietic precursors in the mouse is consistent
and intriguing. We consider therefore that similar mechanisms
may play a role in human, where CD27 has recently been detected
on CD34" progenitors in the BM (40). The definition of OCPs
used in our study provides a guideline to identify its equivalent in
human BM and to examine its regulation by CD70-bearing
immune cells.

Materials and Methods

For statistical analysis, the mean + SEM is depicted in all graphs. For com-
parisons between two groups, the Student t test was used, and, for com-
parison between multiple groups, the one way ANOVA test was used. For
information on mice, procedures for OC isolation, OC differentiation cul-
tures, bone histology and histomorphometry, flow cytometry, and serum
analysis, see SI Materials and Methods.
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