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Abstract
Bone loss induced by ovariectomy is due to the direct activity on bone cells and mesenchymal cells and to the dysre-
gulated activity of bone marrow cells, including immune cells and stromal cells, but the underlying mechanisms are
not completely known. Here, we demonstrate that ovariectomy induces the T-cell co-stimulatory cytokine LIGHT,
which stimulates both osteoblastogenesis and osteoclastogenesis by modulating osteoclastogenic cytokine expres-
sion, including TNF, osteoprotegerin, and the receptor activator of nuclear factor-κB ligand (RANKL). Predictably,
LIGHT-deficient (Tnfsf14−/−) mice are protected from ovariectomy-dependent bone loss, whereas trabecular bone
mass increases in mice deficient in both LIGHT and T and B lymphocytes (Rag−/−Tnfsf14−/−) and is associated with
an inversion of the TNF and RANKL/OPG ratio. Furthermore, women with postmenopausal osteoporosis display high
levels of LIGHT in circulating T cells and monocytes. Taken together, these results indicate that LIGHT mediates bone
loss induced by ovariectomy, suggesting that patients with postmenopausal osteoporosis may benefit from LIGHT
antagonism.
© 2020 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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Introduction

LIGHT or TNFSF14 is an immunomodulatory cytokine
and a member of the TNF superfamily. It is expressed
by lymphocytes, monocytes, and granulocytes, and is pri-
marily known for its critical role in immune functions
[1–7]. Only recently has LIGHT’s involvement in bone
homeostasis and erosive bone diseases become increas-
ingly evident [8–13]. Recently, we provided evidence
for LIGHT’s new role in maintaining skeletal physiology
[10] after showing that trabecular bone mass was reduced
in LIGHT-deficient (Tnfsf14−/−) mice, an effect associ-
ated with increased osteoclast formation and activity

along with reduced osteoprotegerin (OPG) expression
by T and B cells in knockout mice [10]. The same mice
also display impaired osteoblastogenesis activity, which
is associated with low Wnt10b expression by CD8+ T
cells [10]. Additional evidence implicates LIGHT in
mediating pathological bone remodeling in erosive rheu-
matoid arthritis [8], osteolytic multiple myeloma [9,13],
chronic kidney disease, and arthropathy associated with
alkaptonuria [12]. However, no link has been identified
between bone loss from postmenopausal osteoporosis
and LIGHT. Postmenopausal osteoporosis, a systemic
skeletal disease in women characterized by low bone
mass and increased fracture risk due to estrogen loss
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[14], leads to alteration of bone cell activity both directly
and indirectly through immune cells [14], but the underly-
ing mechanisms are not completely known [15]. Indeed,
estrogens modulate T- and B-cell activation, as well as
the secretion of cytokines regulating bone turnover [15].
In mice, ovariectomy reproduces the acute effects of
menopause, with bone resorption stimulating osteoclast
formation [16] and increased lifespan [17–19]. Surpris-
ingly, ovariectomy is also associated with increased bone
formation, resulting in the attenuation of net bone loss
[20]. Yet bone loss from ovariectomy appears to be a bal-
ance between the expansion of bone marrow stromal cells
committed toward osteoblastic differentiation [20] and
the limitation imposed by increased apoptosis [21,22],
increased osteoclast lifespan [17,18], and cytokine pro-
duction that inhibits bone formation, such as tumor necro-
sis factor-α (TNFα). These data indicate that several
factors contribute to the imbalance between bone resorp-
tion and formation following ovariectomy [15]. Effects
on bone turnover also involve T and B cells because
ovariectomy fails to induce bone loss in nude mice defi-
cient in T and B cells [23–26], as well as in models affect-
ing B- and T-cell cross-talk [27].

To investigate the role of LIGHT in bone loss induced
by estrogen deficiency, we used two approaches:
demonstrating a bone phenotype in ovariectomized
Tnfsf14−/− mice and quantifying LIGHT expression in
women diagnosed with postmenopausal osteoporo-
sis (PMO).

Materials and methods

Patients
The study population included 20 postmenopausal con-
trols and 20 women affected by PMO. The clinical and
demographic characteristics of the study population are
shown in Table 1. The ethics committee of ‘Policlinico
Tor Vergata’ (approval reference number 97/17), Uni-
versity of Rome, Rome, Italy approved all experiments
described in the present study, and informed consent
was obtained from all participants.

Flow cytometry on human samples
One hundred microliters of fresh EDTA peripheral blood
was stained with monoclonal conjugated antibody: PE-
LIGHT/TNFSF14 (clone 115 520; R&D Systems,
Minneapolis, MN, USA), FITC-CD3 (clone UCHT1)
and FITC-CD14 (cloneM5E2; BDPharmigen, SanDiego,

CA, USA). Cells were incubated for 30 min at room tem-
perature and for another 10 min with VersaLyse reagent
(Beckman Coulter, Rome, Italy) to lyse red blood cells.
The same antibodies were used to evaluate LIGHT expres-
sion on peripheral blood mononuclear cells (PBMCs)
cultured with or without estrogens. Flow cytometry acqui-
sition and analysis were performed on a BD Accuri™ C6
flow cytometer (Becton Dickinson Immunocytometry
System, Mountain View, CA, USA). Positivity areas were
determined using an isotype-matched mAb, and a total of
2000 events for each cell sub-population were acquired.

Isolation of human CD14+ monocytes and CD2+

T cells
PBMCs were obtained using a Histopaque 1077 density
gradient (Sigma, St Louis, MO, USA). From PBMCs,
CD14+ and CD2+ cells were purified by immunomag-
netic selection (Miltenyi Biotec GmbH, Bergisch
Gladbach, Germany), according to the manufacturer’s
instructions. Only samples with a purity greater than
98%, as checked by flow cytometry, were subjected to
RNA extraction.
For some experiments, PBMCs were cultured in phe-

nol red-free α-minimal essential medium (α-MEM; Life
Technologies, Carlsbad, CA, USA) with 10% charcoal-
stripped FBS (to not have estrogen in the cultures) or
red α-MEM (i.e. containing phenol red) with 10% FBS
for 24 and 48 h and subjected to flow cytometry to eval-
uate LIGHT expression.

Mice
Sibling C57bl/6 mice WT, Tnfsf14−/−, and Rag−/
Tnfsf14− (double knockout; DKO) were obtained as
described previously [10]. In brief, heterozygous
Tnfsf14+/− mice were bred to produce sibling WT and
Tnfsf14−/− mice. DKO mice were generated by crossing
a Rag−/− homozygous mouse with a Tnfsf14−/− homozy-
gous mouse. Subsequent generations of heterozygotes
were bred together to produce a line with homozygous
knockouts of both the Rag and the Tnfsf14 genes. Mice
were kindly provided by Professor Carl F Ware.
WT, Tnfsf14−/−, and Rag−/Tnsf14− mice underwent

either sham surgery or ovariectomy (OVX) at 12 weeks
of age and were killed at 14 weeks of age to study the
acute phase of the process. Animals were housed three
to four per cage at 23 �C on a 12 h:12 h light/dark cycle,
and were fed a standard rodent chow and had free access
to water.
For the sham or OVX surgery, mice were anesthetized

by intraperitoneal injection of ketamine (100 mg/kg) and
xylazine (5 mg/kg). An incision was made along the
abdominal line after shaving and sterilizing. Two ovaries
were carefully exteriorized and removed for the OVX
group, while for the sham-operated mice, the ovaries
were exteriorized and then placed back intact into the
abdominal cavity. After suturing the incision, mice were
treated subcutaneously with 2 mg/kg meloxicam and
5 mg/kg enrofloxacin. Mice were then returned to the

Table 1. Clinical and demographic characteristics of the study
population

Controls Postmenopausal
osteoporosis

Number of subjects 20 20
Age (years) 48.8 � 5.1 53.6 � 4.4
Lumbar BMD T-score −0.42 � 0.44 −3.00 � 0.51
Femoral BMD T-score −0.27 � 0.54 −2.54 � 0.32
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cages and their health status was monitored with daily
injection of meloxicam and enrofloxacin in the follow-
ing 2–3 days. At the experiment end-point, after
overnight fasting, mice were euthanized by intraperito-
neal injection of ketamine (100 mg/kg) and xylazine
(5 mg/kg) followed by cervical dislocation and their tis-
sues were surgically excised. The uterus of each mouse
was also removed and weighed to confirm the success
of OVX surgery (supplementary material, Figure S1).
Left femurs were subjected to bone marrow flushing.
Vertebrae and right femurs were fixed with 4% parafor-
maldehyde for 18 h at 4 �C and processed for histologi-
cal analysis. This animal interventional study is in
accordance with the European Law Implementation of
Directive 2010/63/EU and all experimental protocols
were reviewed and approved by the Veterinary Depart-
ment of the Italian Ministry of Health.

Microcomputed tomography of femurs
Right femurs were rotated around their long axes (0.4� as
rotation step) and images were acquired using a Bruker
Skyscan 1172 (Bruker, Kontich, Belgium) with the fol-
lowing parameters: voxel size = 6 μm3; peak tube poten-
tial = 59 kV; X-ray intensity = 167 μA; ring artefact
correction = 10; beam hardening correction = 60%. Raw
images were reconstructed using the SkyScan reconstruc-
tion software (NRecon) on three-dimensional cross-
sectional image data sets using a three-dimensional cone
beam algorithm. Structural indices were calculated on
reconstructed images using the Skyscan CT Analyzer
(CTAn) software (Bruker). Cortical parameters included
cortical thickness (Ct.Th), total cross-sectional area (Tt.
Area), cortical bone perimeter (Ct.Pm), and marrow
cross-sectional area (Marrow Area). Trabecular parame-
ters included bone volume/total volume (BV/TV), num-
ber (Tb.N), thickness (Tb.Th), separation (Tb.Sp), and
diameter (Tb.Dm) dimension.

Microcomputed tomography of the spine
The fifth lumbar (L5) vertebrae of the spine were rotated
around their long axes and images were acquired using a
Bruker Skyscan 1172 with the following parameters:
pixel size = 5 μm; peak tube potential = 59 kV; X-ray
intensity = 167 μA; 0.4� rotation step. The trabecular
region of the vertebral body (excluding posterior ele-
ments) was designated using manually drawn contours
inside the cortical shell surrounding the entire vertebral
body enclosed by the growth plates and extending for
450 6-μm slices (total 2.7 mm).

Histological analysis of bone
Femurs were embedded in methyl methacrylate (MMA)
and cut using a standard microtome (RM 2155 Leica;
Leica Biosystems, Heidelberg, Germany) into 5-μm-
thick slices for histology. For analysis of osteoclasts
(OC number per bone perimeter, N.Oc/B.Pm), bone
sections were incubated in tartrate-resistant alkaline
phosphatase (TRAP) staining solution; for osteoblast

(OB) analysis (OB number per bone perimeter, N.Ob/
B.Pm), bone sections were stained with toluidine blue.
Goldner’s Masson trichrome stain was used to analyze
new osteoid formation. Microphotographs were cap-
tured using a light microscope (Leica) with 40× objec-
tive lens and analyzed using ImageJ software.

Cell cultures
Bone marrow (BM) was flushed frommouse femurs and
tibia as follows: bones were cut at both ends with sharp
sterile scissors. Using a 26-gauge needle and a 10 ml
syringe filled with ice-cold PBS, bone marrow was
flushed in a 50 ml Falcon conical tube. The cells
obtained were centrifuged, resuspended, and cultured
in α-MEM supplemented with 10% FBS and 1% penicil-
lin/streptomycin (all from Life Technologies, Milan,
Italy).

For OC differentiation, 4 × 105 bone marrow cells
per cm2 were cultured in 96-well plates (Corning GmbH,
Wiesbaden, Germany) with α-MEM/10% FBS supple-
mented with 20 ng/ml of mouse macrophage colony-
stimulating factor (MCSF; R&D Systems, Minneapolis,
MN, USA) and 30 ng/ml of mouse receptor activator of
nuclear factor kappa-B ligand (RANKL; R&D Sys-
tems). At day 4, mature OCs were fixed and stained
for TRAP.

For osteogenic differentiation, 3 × 105 bone marrow
cells were cultured in 24-well plates (Corning) with
α-MEM/10% FBS supplemented with 50 μg/ml ascor-
bic acid and 10−2 M β-glycerophosphate. At day 10, cells
were fixed in 3.7% (vol/vol) formaldehyde for 5 min and
subjected to alkaline phosphatase (ALP) staining. To
evaluate CFU-OB formation at day 20, cells were fixed
and von Kossa-stained. ImageJ software was used to cal-
culate the area of ALP+ colony-forming unit fibroblasts
(CFU-Fs) and CFU-OBs.

RT-qPCR
Total bone marrow RNA was extracted using spin col-
umns (RNeasy, Qiagen, Hilden, Germany) according to
the manufacturer’s instructions and reverse-transcribed
using iScript Reverse Transcription Supermix (Bio-Rad,
Hercules, CA, USA). The resulting cDNA (20 ng) was
subjected to quantitative PCR using the SsoFast Eva-
Green Supermix (Bio-Rad) on an iCycler iQ5 Cromo4
(Bio-Rad) for 40 cycles (denaturation 95 �C for 5 s;
annealing/extension 60 �C for 10 s) after an initial 30 s
step for enzyme activation at 95 �C. Primer sequences
have been previously reported [10,13]. Each transcript
was assayed in triplicate and normalized to Actb.

Statistical analyses
Statistical analyses were performed by Student’s t-test,
non-parametric tests (Mann–Whitney for non-normal
data), or ANOVA, according to the Statistical Package
for the Social Sciences (IBM SPSS) software. Results
were considered statistically significant at p < 0.05.
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Results

Ovariectomy fails to cause bone loss in LIGHT-
deficient mice
Wild-type (WT) and knockout (KO) mice were sub-
jected to ovariectomy (WT-OVX, KO-OVX) or sham

surgery (WT-SHAM, KO-SHAM). At sacrifice, the ani-
mals did not display significant differences in body
weight (supplementary material, Figure S1A). Con-
versely, they showed significantly smaller uterus size
and lower uterus weight in OVX mice compared to
sham-operated mice, thus confirming the success of
OVX (supplementary material, Figure S1B).

Figure 1. Effects of ovariectomy (OVX) on LIGHT expression ofWTmice and on bone structure of vertebrae inWT and Tnfsf14-KOmice. (A) LIGHT
mRNA levels were determined in fresh lysates of total bone marrow (BM) cells from WT-SHAM and WT-OVX mice. (B) Representative μCT-
generated section images of L5 vertebra and graphs reporting calculated trabecular parameters: bone volume/total volume (BV/TV), trabecular
thickness (Tb.Th), trabecular number (Tb.N), trabecular separation (Tb.Sp), and bone mineral density (BMD). Mean � SD. Student’s t-test. n = 6
mice per group. The reported P values refer to comparison with the corresponding sham-operated group.
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We evaluated the mRNA levels of LIGHT in total
bone marrow lysates from WT-SHAM and WT-OVX
mice, demonstrating significantly higher levels of the
transcript in the OVX group (Figure 1A).
Bone mass was analyzed by micro-computerized

axial tomography (μCT) in the vertebrae and femurs
from all groups. As expected, WT-OVX mice showed
a significant decrease in bone mass compared with
WT-SHAM mice. In contrast, KO-OVX mice were
protected from bone mass loss in vertebrae and femurs

(Figures 1 and 2, respectively). Analysis of L5 vertebra
and bone volume/total volume (BV/TV) showed
that bone mass was severely reduced by 21% in WT-
OVX mice compared with WT-SHAM (p < 0.001),
whereas ovariectomy in Tnfsf14−/− mice showed no
such significant changes compared with KO-SHAM
mice (Figure 1). WT-OVX mice consistently showed
reduced bone mass density (BMD), trabecular thick-
ness (Tb.Th), and trabecular number (Tb.N) with
respect to WT-SHAMs, and no changes were found

Figure 2. Effects of ovariectomy (OVX) on bone structure of femora in WT and Tnfsf14-KO mice. (A) Representative μCT-generated
section images of trabecular bone in femora together with graphs reporting calculated trabecular parameters at the metaphysis of WT
and Tnfsf14−/−mice. Trabecular bone parameters included bone volume/total volume (BV/TV), trabecular thickness (Tb.Th), trabecular number
(Tb.N), trabecular separation (Tb.Sp), and bonemineral density (BMD). Also shown are (B) osteoclast and (C) osteoblast counts per bone perim-
eter as well as (D) osteoid/bone surface percentage in femur sections from all mice. Mean � SD. Student’s t-test. n = 6 mice per group. The
reported P values refer to comparison with the corresponding sham-operated group.
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under these parameters in ovariectomized Tnfsf14−/−

and KO-SHAM mice (Figure 1). Furthermore, histo-
morphometry of femurs showed that the reduced corti-
cal thickness (~8.3%, WT-SHAM 0.119 � 0.006
versus WT-OVX 0.107 � 0.0008, p < 0.01) seen in
WT-OVX mice was not detected in Tnfsf14−/− mice,
compared with their respective sham animals (KO-OVX
0.121 � 0.008 versus KO-SHAM 0.120 � 0.009). This
suggests that Tnfsf14−/− prevented worsening of the corti-
cal thickness, which was also associated with the signifi-
cantly reduced tissue mineral density seen in WT-OVX
mice compared with the sham controls (WT-OVX
0.76 � 0.02, p < 0.04 versus WT-SHAM 0.81 � 0.03);
furthermore, these deteriorations were not evident in the
Tnfsf14−/− mice (KO-OVX, p < 0.02 versus KO-SHAM
0.81 � 0.03). Although ovariectomy lowered femoral tra-
becular bone mass density (~10.90%, p < 0.01), BV/TV,
Tb.Th, and Tb.N, and increased trabecular spacing (Tb.
Sp) in WT-OVX mice with respect to their sham-operated
controls, we detected no such differences when ovariec-
tomy was performed in Tnfsf14−/− mice compared with
the ovariectomized shams (Figure 2A). In addition, when
femoral trabecular bone was analyzed histomorphometri-
cally to assess the numbers of osteoclasts and osteoblasts
per bone perimeter, TRAP-positive osteoclast number sig-
nificantly increased and osteoblastic epithelioid cells per

bone perimeter decreased in WT-OVX mice compared
with sham controls andKO-OVXmice (Figure 2B, supple-
mentary material, Figure S2A, Figure 2C, and supplemen-
tary material, Figure S2B, respectively). Consistently, in
WT-OVX mice, the percentage of osteoids per bone sur-
face was significantly reduced compared with the WT-
SHAMs, whereas no significant changes were detected
between KO-OVX and KO-SHAM mice (Figure 2D and
supplementary material, Figure S2C).

Ovariectomy in Tnfsf14−/− mice increases CFU
fibroblasts, CFU osteoblasts, and osteoclast
formation
Because ovariectomy increases the proliferation of
stromal cells [27], we investigated the ability of
Tnfsf14−/− mice to form alkaline phosphatase-positive
colonies required for stromal commitment to osteo-
blastic lineage in the bone marrow. As expected,
the number of early osteoblast precursor colonies,
revealed as CFU-Fs, and the amount of mineralized
nodule formation, shown as CFU-OBs, increased
approximately two-fold in bone marrow samples from
WT-OVX mice, compared with the WT-SHAM
(Figure 3A). By contrast, ovariectomy in Tnfsf14−/−

mice had no effects on the number of either CFU-Fs

Figure 3. Effects of ovariectomy (OVX) in ex vivo cultures and cytokine expression in WT and Tnfsf14-KO mice. Bone marrow stromal cells
from all mice were grown in osteoblast differentiation medium. (A) The percentage of alkaline phosphatase-positive CFU-F colonies (10 days)
and von Kossa-positive mineralized CFU-OB colonies (21 days) from WT mice was calculated. Representative wells are shown.
(B) Representative images for tartrate-resistant acid phosphatase (TRAP)-stained cell cultures derived from all mice together with OC counts.
(C) Tnf, Tnfrsf11b, and Tnfsf11mRNA levels, together with the Tnfsf11/Tnfrsf11b ratio, were determined using fresh lysates of total bonemar-
row (BM) cells. Original magnification: 1×. Student’s t-test. n = 6 mice per group. The reported P values refer to comparison with the corre-
sponding sham-operated group.
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or CFU-OBs (Figure 3A), suggesting that ovariectomy
can impair osteogenic potential through Tnfsf14−/−. In
ex vivo bone marrow cell cultures from the same ani-
mals, once again we found that osteoclastogenesis
was significantly increased in WT-OVX mice, while
ovariectomy did not change the number of osteoclasts
in Tnfsf14−/− mice, compared with those from sham
surgeries (Figure 3B). These findings suggest that
when estrogen is deficient, LIGHT is required to gen-
erate a bone marrow microenvironment with high
osteoclastogenic activity.
Subsequently, we used total bone marrow extracts to

evaluate cytokine expression in osteoclastogenesis,
such as Tnf, Tnfrsf11b, and Tnfsf11, by RT-qPCR
(Figure 3C). WT-OVX mice showed a two-fold
increase of TNFα compared with WT-SHAM, whereas
Tnf levels, although somewhat increased, were not sta-
tistically different in KO-OVX mice compared with
KO-SHAM. The two-fold increase in Tnfsf11, and
abruptly reduced Tnfrsf11b levels induced by ovariec-
tomy in WT-OVX mice, had completely reversed in
KO-OVX mice compared with KO-SHAMs

(Figure 3C), leading to a higher Tnfsf11/Tnfrsf11b ratio
in WT-OVX compared with KO-OVX mice
(p < 0.0001). This may explain why knockout mice
are protected from ovariectomy-induced bone loss.

Ovariectomy increases femoral bone mass in
Rag−/−Tnfsf14−/− double-knockout mice
It is known that ovariectomy determines B- and T-cell
proliferation, and we previously demonstrated that these
cells are involved in trabecular bone loss associated with
Tnfsf14−/− deficiency. Therefore, we looked deeper into
the role of both LIGHT and B and T cells in OVX by
operating on Rag−/−Tnfsf14−/− DKO mice arising from
the breeding of Tnfsf14−/− onto Rag−/− mice, a strain
that does not develop mature T or B cells [28]. Interest-
ingly, by analyzing L5 vertebra, μCT analysis showed
no significant differences in BV/TV, Tb.Th, Tb.N, or
Tb.Sp in DKO-OVX mice compared with DKO sham-
operated mice (not shown). Similarly, μCT analysis
showed no significant differences in the femur cortical
compartment of DKO-OVX mice compared with sham

Figure 4. Effects of ovariectomy (OVX) on bone structure of femora in DKO mice. (A) Representative μCT-generated section images of trabecular
bone in femora together with graphs reporting calculated trabecular parameters at the metaphysis of DKO mice. Trabecular bone parameters
included bone volume/total volume (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), trabecular separation (Tb.Sp), and bone min-
eral density (BMD). Also shown are (B) osteoclast and (C) osteoblast counts per bone perimeter, as well as (D) osteoid/bone surface percentage in
femur sections from all mice. Mean � SD. Student’s t-test. n = 6mice per group. The reported P values refer to comparison with the correspond-
ing sham-operated group.
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operated mice (data not shown). In the femurs of DKO-
OVX mice, ovariectomy triggered a significant increase
of trabecular bone, as demonstrated by a 50% increase in

trabecular BV/TV (p < 0.009), a 50.6% (p < 0.002)
increase in Tb.N, and a 15% (p < 0.03) decrease in Tb.
Sp. Thus, bone mineral density increased in DKO-

Figure 5. Effects of ovariectomy (OVX) on TNFα, OPG, and RANKL expression in DKO mice. Tnf, Tnfrsf11b, and Tnfsf11 mRNA levels, together
with the Tnfsf11/Tnfrsf11b ratio, were determined in fresh lysates of total bone marrow (BM) cells of DKO-SHAM and DKO-OVX mice.
Student’s t-test. n = 6 mice per group. The reported P values are referred to the corresponding sham-operated group.

Figure 6. LIGHT expression in postmenopausal patients. Higher LIGHT expression in postmenopausal osteoporosis (PMO) was detected on
CD14+ monocytes and CD3+ lymphocytes by (A) flow cytometry and (B) RT-qPCR compared with the controls.
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OVX mice compared with the DKO-SHAM mice
(Figure 4A). Yet again, histomorphometric analysis of
femora demonstrated that osteoclast numbers were sig-
nificantly reduced (p < 0.01, Figure 4B and supplemen-
tary material, Figure S3A) when induced by
ovariectomy in DKO mice, whereas osteoblast numbers
per bone perimeter showed no significant difference
compared with sham surgeries (Figure 4C and supple-
mentary material, Figure S3B). The percentage of oste-
oids per bone surface also significantly increased in
DKO-OVX mice compared with DKO-SHAM mice
(Figure 4D and supplementary material, Figure S3C).
Furthermore, when we assessed Tnf, Tnfrsf1b, and
Tnfsf11 levels in total bone marrow extracts of DKO-
OVX and OVX-SHAM mice (Figure 5), the Tnf
and Tnfrsf1b levels did not differ in either the DKO-
OVX or the DKO-SHAM mice, although both were
significantly reduced compared with the KO-SHAM
(p < 0.01 and p < 0.001). Of note, DKO-OVX mice
showed strongly decreased Tnfsf11 levels, compared
with DKO-SHAMmice, and consistently had the lowest
Tnfsf11/Tnfrsf11b ratio. Consequently, in bone disease
associated with ovariectomy, the LIGHT effect is mainly
mediated by T and B cells via changes in cytokine
expression that target bone cell activity.

LIGHT expression in postmenopausal patients
We next investigated LIGHT levels on immune cells in
20 women with postmenopausal osteoporosis (PMO)
and 20 healthy females as controls (Table 1).
Using flow cytometry, we analyzed LIGHT expres-

sion in monocytes and T cells from the peripheral blood
of patients and controls. A significantly higher percent-
age of LIGHT levels was seen for both cell types in the
PMO patients compared with the controls (Figure 6A).
Using RT-qPCR, we demonstrated that the mRNA level
for this cytokine was also elevated in isolated monocytes
and T cells from patients with PMO compared with the
controls (Figure 6B).We also evaluated by flow cytome-
try LIGHT expression on PBMCs from healthy donors
with or without estrogens for 24 and 48 h. We did not
find significant differences for the cytokine expression
between the two conditions on CD14+ and CD3+

cells (data not shown). These findings suggest that
LIGHT’s possible involvement in the pathogenesis
of bone loss is induced by estrogen withdrawal
(menopause).

Discussion

Here, we demonstrated that LIGHT deficiency in vivo
combinedwith T- and B-depleted cells reduced the capa-
bility of acute estrogen deficiency to promote osteoblast
and osteoclast differentiation that determines bone loss.
We also reported that LIGHT is important for ovariec-
tomy to enhance Tnf levels and the Tnfsf11/Tnfrsf11b
ratio. Additionally, we showed that in patients with post-
menopausal osteoporosis, LIGHT is overexpressed in

circulating cells. These findings suggest a prominent
function for T-, B-, and bone-cell interplay in the
mechanism through which ovariectomy determines
bone loss.

In 2006, Edwards et al first demonstrated in rheuma-
toid arthritis that LIGHT (a co-stimulatory molecule) is
involved in erosive bone disease [8]. We then deepened
the understanding of LIGHT’s role in bone remodeling
in the pathologies of multiple myeloma, lung cancer,
CKD, and alkaptonuria [9,11–13,29]. In 2018, we stud-
ied the bone phenotype of Tnfsf14−/− mice and demon-
strated trabecular bone loss, suggesting that a
physiological basal concentration of LIGHT is required
to maintain physiological bone remodeling [10]. Here,
we report that Tnfsf14−/− mice are protected from bone
loss induced by ovariectomy. Nevertheless, we cannot
exclude that the lack of bone loss in Tnfsf14−/−mice fol-
lowing ovariectomy might be dependent on the fact that
there is low bone mass in the naïve mice. However, a
similar behavior has been described for another co-
stimulatory cytokine, CD40L. In fact, it has already
been shown that Cd40l-deficient mice displayed
reduced bone mass and these same mice are protected
from bone loss induced after estrogen withdrawal [27].
Also, Cd40l-deficient mice displayed complete defense
against bone resorption enhancement, typical of
ovariectomy-induced bone loss, together with inhibi-
tion of TNFα increased expression and decrease of the
RANKL/OPG ratio that develops after estrogen with-
drawal in bone marrow cells [27].

Here, we also found that Tnfsf14−/− deficiency
inhibits the stimulatory outcomes of ovariectomy on
CFU-Fs and osteoclastogenesis. Specifically, we
showed that LIGHT is necessary following ovariectomy
to enhance the capability of bone marrow cells by sus-
taining osteoclastogenesis through increased production
of Tnf and Tnfsf11, and reduced Tnfrsf11b expression.
Furthermore, CFU-Fs from Tnfsf14−/− mice failed to
react to ovariectomy by augmenting osteoblasts to pro-
liferate and differentiate. Although Tnfsf14−/− mice did
not display alterations in the B-cell and CD4+ T-cell
compartments but only CD8+ T cells displayed prolifer-
ative defects with normal cytotoxic function [30,31], we
previously demonstrated that these cells are involved in
trabecular bone loss associated with Tnfsf14−/− defi-
ciency [10]. Therefore, we looked deeper into the role
of both LIGHT and B and T cells in ovariectomy by
operating on DKO mice that simultaneously lack
LIGHT, B and T cells. Thus, we demonstrated that
together with LIGHT, B and T cells played a prominent
role. Our DKO mice were protected from ovariectomy-
induced bone loss, thus displaying increased femoral
BV/TV, Tb.N, and bone mineral density, as well as
decreased osteoclastogenesis. These events are associ-
ated with reduced Tnf levels and Tnfsf11/Tnfrsf11b ratio
in bone marrow cells, which further substantiates the
essential role of T and B cells in bone loss associated
with ovariectomy.

Estrogens are noteworthy in their ability to modulate
bone mass [32]. Using animal models, it has been
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demonstrated that the cross-talk of immune mediators
and bone cells determines, either in part or completely,
bone loss associated with estrogen withdrawal [33]. T
cells are involved in bone loss linked to estrogen with-
drawal [23]. In fact, in nude mice and rats displaying
severe T-cell deficiency, bone loss did not occur after
estrogen withdrawal [23,34]. Ovariectomy supports T-
cell activation through antigen enhancement [35,36]
and augments thymus output of T cells into peripheral
blood [37]. Ovariectomy is also associated with
increased T-cell proliferation and lifespan in the bone
marrow [26,35]. Th17 cells increase after ovariectomy
and promote osteoclastogenesis by producing IL-17
[38], which in turn stimulates osteoblasts to produce
pro-osteoclastogenic cytokines, such as IL-6, TNFα,
and RANKL. Additionally, ovariectomy enhances
TNFα production by T cells, thus increasing RANKL-
induced osteoclastogenesis [23]. This outcome is due
to both an augmented number of TNFα-producing T
cells [24] and the increased secretion of TNFα per cell
[27,39]. Additionally, ovariectomy enhances the per-
centage of senescent CD4+CD28− T cells [39], which
secrete high TNFα levels. TNFα- and p55 TNF
receptor-deficient mice are protected from
ovariectomy-induced bone loss [24]. Furthermore, T-
cell involvement in producing TNFα has been supported
by demonstrating in vivo that replacing bone marrow in
nude recipient mice with T cells from WT mice rescues
the ability of ovariectomy to induce bone loss; when T
cells are replaced in TNFα-deficient mice, this induction
fails [24].

B-cell ontogenesis is also augmented by estrogen
withdrawal [40], and the literature suggests that the
relationship between B cells and bone cells participates
in part due to bone loss associated with estrogen with-
drawal [41]. In mouse bone marrow, ovariectomy
enhances the number of RANKL-expressing B cells
[42]. RANKL-deficient mice in B cells were partly pro-
tected from the loss of trabecular bone induced by
ovariectomy [43]. All these literature data demonstrat-
ing the partial or total protection from bone loss associ-
ated with ovariectomy in mice lacking B or T cells,
together with our previous findings demonstrating that
DKO mice display a significant increase of trabecular
bone structure with respect to Rag−/− mice [10], can
explain our choice to evaluate the effect of ovariectomy
only on DKO mice.

All the results obtained from our mouse models of
estrogen withdrawal strongly support our findings,
which show high LIGHT levels in monocytes and T cells
from patients with postmenopausal osteoporosis. Inter-
estingly, LIGHT expression by these cells did not
change on culturing themwith or without estrogens, thus
suggesting that the increase of LIGHT in postmeno-
pausal osteoporosis patients is due to a complex sce-
nario, involving different cells of the bone marrow
milieu. The central role of immune cells in postmeno-
pausal osteoporosis has been consistently demonstrated
in humans [15]. D’Amelio et al demonstrated a crucial
role for T cells in postmenopausal bone loss.

Specifically, the authors reported that in vitro osteoclast
formation from circulating precursors takes place only in
cultures with T cells, which were more active than con-
trols [44]. Indeed, postmenopausal T cells express high
levels of TNFα and RANKL, thus supporting osteoclas-
togenesis [44]. Additionally, in postmenopausal osteo-
porosis, high RANKL levels in marrow stromal cells
and lymphocytes were associated with the enhanced
markers of bone resorption and with the circulating
estrogen concentration [45].
In conclusion, we highlight that acute estrogen defi-

ciency alters osteoblastogenesis and osteoclastogenesis
through the T-cell co-stimulatory receptor LIGHT.
Understanding this mechanism may produce new phar-
macological strategies to counteract bone loss associated
with postmenopausal osteoporosis.
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Figure S1. Effect of ovariectomy (OVX) on body and uterus weights in WT and Tnfsf14-KO mice

Figure S2. Effect of ovariectomy (OVX) on bone cells of femora in WT and Tnfsf14-KO mice

Figure S3. Effect of ovariectomy (OVX) on bone cells of femora in DKO mice
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