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Simple Summary: The widely accepted local therapy in extremity giant cell tumor of bone (GCTB) is
surgery, in the form of extended intralesional curettage with adequate disease clearance and retention
of the limb, wherever possible. Denosumab is a relevant therapy option for advanced GCTB, to
benefit tumor response and surgical down-staging. Most GCTB patients with localized disease can be
successfully treated with surgical curettage; patients with primary unresectable lesions or metastases
may experience long-term clinical and radiological remission and pain control with denosumab
treatment, and in this clinical situation, denosumab is currently the treatment of choice.

Abstract: (1) Despite the benign nature of the giant cell tumor of bone (GCTB), it shows a local
recurrence rate of up to 50% and a chance of malignant transformation. The widely accepted local
therapy in extremity GCTB is surgery, in the form of extended intralesional curettage with adequate
disease clearance and retention of the limb, wherever possible. Denosumab, a human monoclonal
antibody directed against the RANKL and associated inhibition of the RANKL pathway, is a relevant
therapy option for advanced GCTB, to benefit tumor response and surgical down-staging. (2) The
literature review of patients with GCTB treated with denosumab is performed via PubMed, using
suitable keywords from January 2009 to January 2021. (3) Current indications for denosumab use
are not definitively clear and unambiguous. Most GCTB patients with localized disease can be
successfully treated with surgical curettage, and the role of denosumab in preoperative therapy in
this patient population remains unclear. (4) However, patients with primary unresectable lesions
or metastases may experience long-term clinical and radiological remission and pain control with
denosumab treatment, and in this clinical situation, denosumab is currently the treatment of choice.
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1. Pathophysiology and Diagnostics of Giant Cell Tumor of Bone
1.1. Bone Microenvironment

Bone is a mineralized hydroxyapatite (HA) matrix with many diverse functions, pri-
marily providing structural support to the body and locomotion. Still, it is also a site
associated with hematopoiesis, immune cell maturation, and a calcium/phosphorus reser-
voir. Strong bone vascularization supports the high metabolic turnover of intramedullary
hematopoietic stem cells, bone matrix osteocytes, and periosteal progenitor cells [1]. Nor-
mal bone mass, architecture, and mineral homeostasis are maintained through continuous
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renewal based on a dynamic balance between osteoclastic bone resorption and osteoblastic
bone formation. Osteoblasts mineralize bone by synthesizing HA, whereas osteocytes pro-
vide nutrients and waste removal to mature bone. In both physiological and pathological
bone resorption, osteoclasts play a key role. A crucial cytokine that induces osteoclast
differentiation and activation is the nuclear factor-kB receptor activator ligand (RANKL).
The precursors of remodeling cells are mesenchymal stem cells that differentiate into ma-
ture osteoblasts under the influence of cytokines. Osteoblasts form a scaffold of immature
bone, which fuses with hydroxyapatite. Under the influence of parathyroid hormone
(PTH), osteoblasts produce the receptor-ligand for RANKL, which is important for bone
metabolism. The binding of RANKL to the receptor located on osteoclasts (RANK) causes
osteoclast differentiation and maturation [2]. During osteogenesis, osteoblasts deposit
osteoid and transform into osteocytes, which are deposited in the bone matrix. Osteocytes
support the bone matrix by replenishing nutrients and removing. Osteocytes respond
primarily to PTH, mechanical stress, and inflammatory cytokines. Osteocytes play a key
role in bone metabolism through the upregulating and downregulating factors interacting
with osteoblasts and osteoclasts. Osteocytes are unable to divide. They can increase the
expression of transmembrane RANKL, thereby regulating osteoclastic activity necessary
for bone remodeling. Osteoclasts under the influence of RANKL, macrophage colony-
stimulating factor (M-CSF), and other cytokines aggregate to form giant cells with multiple
nuclei that eventually mature into osteoclasts. By demineralizing HA through a series
of acid pumps and collagen digestion by enzymes, osteoclasts lead to bone resorption.
Therefore, osteoclasts are one of the primary cells that induce bone pathology morbidities.
Figure 1 shows the physiologic signaling pathway of the basic metabolic unit and precur-
sors and increased osteoclastogenesis and osteoclast survival by RANKL acting on RANK.
Due to the important role of osteoclasts in bone disease etiopathogenesis, most osteologic
pharmacologic agents target osteoclasts in some way [2].

1.2. Giant Cell Tumor of Bone

GCTB (giant cell tumor of bone) is osteolytic and is usually a benign tumor. GCTB
of bone accounts for 20% of benign tumors in the adult population but represents less
than 5% of all primary bone tumors, with an estimated incidence of 1.3 per million per
year [3]. Despite the benign nature of the GCTB, it exhibits a vast range of behaviors,
including a local recurrence rate of up to 50%, multicentricity, distant metastatic lesions,
invasiveness, and up to 10% chance of malignant transformation [4]. The peak age of
occurrence is the third decade of life in a mature skeleton, with a female predominance.
GCTB occurs as a primarily solitary tumor at several osseous locations but commonly
arises at the meta-epiphyses of long bones. Most lesions develop around the knee region
and can grow in the proximal humerus, distal radius bone, spine, and pelvis. Initially,
tumor expansion begins from local bone structures, with later possible involvement of
surrounding soft tissues [5-7].

In less than 10% of cases, GCTB is located in the spine and sacrum. Sacral GCTB
accounts for 2-8% of all GCTB cases, making it more frequent than pelvic GCTB [8]. The
mobile spine is afflicted in 54.8% of GCTB patients, whereas the sacrum is impacted in
45.2% [9]. As with extremities with GCTB, there is a slight female predominance. Axial
location of GCTB is challenging in diagnosis and management with high recurrence rates
of up to 41.7% and pulmonary metastasis in a range from 0 to 13.7% [10,11]. Because of the
rarity of GCTB located in the spine and sacrum, data come from case reports.
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Figure 1. The basic metabolic unit’s physiologic signaling pathway and its precursors. The osteo-
cyte is the main cell responsible for osteological metabolic regulation, as it regulates osteoblasts
through sclerostin and controls osteoclasts through RANKL/OPG expression. RANKL increases
osteoclastogenesis and osteoclast survival by acting on RANK. RANKL expression and signaling
are critical mechanisms for activating osteoclasts and driving subsequent bone remodeling through
hydroxyapatite and collagen resorption events. RANKL—nuclear factor-kB receptor activator lig-
and; RANK—receptor located on osteoclasts; OPG—osteoprotegerin; PTH—parathyroid hormone;
PTHrP—parathyroid hormone-related protein.

A group of GCTBs are characterized by reactive multinucleated osteoclastic giant
cells that express RANKL [4]. In addition to GCTB, giant cell granulomas, aneurysmal
bone cysts, and chondroblastomas are also included in this tumor category [12]. Fatigue,
muscular pain, arthralgia, extremity pain, and back pain were the most common GCTB
patient complaints reported in the literature [7].
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Histopathology and Genetics

Macroscopically, GCTB comprises highly vascularized collagen bands with hemor-
rhages, hemosiderin deposits, and foamy macrophages [13]. Histologically, in GCTB are
three cell lineages: typical large multinucleated osteoclastic giant cells, spindle-shaped
mesenchymal stromal cells, and rounded mononuclear histiocytic or macrophage-like
osteoclast precursor cells (Figure 2A-F) [4-6]. Neoplastic stromal cells, which are the main
neoplastic component of the tumor, have poorly defined cytoplasm with spindle-shaped
nuclei (Figure 2C). They exhibit a high expression of RANKL. This and many other endoge-
nous factors are involved in increasing RANKL expression and decreasing osteoprotegerin
(OPG) expression. Therefore, these cellular pathways are potential therapeutic targets [14].

Figure 2. Giant cell tumor of bone: the characteristic mixture of osteoclast-like giant cells (A, black
arrow, HE, 200x; B, black arrow, HE, 400 x), and mononuclear neoplastic cells (A, white arrow, HE,
200x; C, white arrow, HE, 400 ); some of the giant-cells have >50 nuclei per cell (D, HE, 600x);
hemorrhages (E, HE, 200x), and field of foamy macrophages (E, arteriks, HE, 200 x; F, arteriks, HE,
400x) are present in majority of cases.

Overexpression of RANKL by mononuclear neoplastic stromal cells promotes the
recruitment of reactive multinucleated osteoclast-like giant cells capable of lacunar bone
resorption via cathepsin K. The cathepsin K is a principal protease exclusively expressed in
these osteoclast-like giant cells, according to functional biology. Mononuclear osteoclast
precursor cells differentiate into multinucleated osteoclast-like giant cells. Osteoclasto-
genesis observed in GCTB is primarily due to RANK-RANKL interaction and M-CSF
binding [6]. As a result, giant cells present an osteoclasts-like immunophenotype (positive
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for CD45/LCA, CD68, CD33 and negative for CD14, CD163, HLA-DR) [15]. The giant
cells are usually larger than normal osteoclasts and have vesicular nuclei and eosinophilic
cytoplasm. Atypical mitotic figures indicate malignant change. Giant cells overexpress the
RANK.

Genetic analyses may soon be an important diagnostic factor in predicting the clinical
behavior of GCTB. A chromosomal abnormality in the form of telomeric associations is
observed in 50-70% of GCTB cases. A structural telomere protective-capping mechanism
plays a central role in telomere length maintenance in GCTB. This mechanism expresses
telomerase maintenance markers in spindle-shaped mononuclear neoplastic stromal cells
and mononuclear rounded osteoclast precursor cells. Genomic analyses identified a driver
mutation in the H3F3A gene on histone-3.3 in the neoplastic stromal cells of GCTB, but not
in precursor or mature osteoclasts. Additionally, H3F3A driver mutations are specific for
GCTB and H3F3B for chondroblastoma, thus distinguishing the two conditions [6,16,17].
The immunohistochemical assessment of H3F3A and H3F3B protein overexpression is an
important diagnostic tool in routine histopathological diagnostics (Figure 3). In a study of
nine patients with GCTB who underwent curettage after neoadjuvant denosumab therapy,
authors evaluated immunohistochemistry markers before and after denosumab therapy.
An osteoclast-like giant cells marker NFAT1c, an osteoblast marker RUNX2, and histone
H3.3 G34W were examined. Moreover, H3F3A mutation status was performed. Before
treatment, tumor cells were NFATc1l, RUNX2, and G34W positive, and contained H3F3A
mutations. After denosumab therapy, the number of osteoclast-like giant cells was reduced.
The neoplastic cells with the H3F3A mutation, on the other hand, survived denosumab
treatment and underwent significant histological alterations [18].

In 2.1-6.6% of individuals with advanced or recurrent GCTB, pulmonary metastases
with often-latent behavior occur [7,19,20]. Metastatic disease is considered to result from
increased bone resorption, by which tumor cells are released for spread to distant sites. This
increased bone resorption is caused by the stimulation of osteoblasts by factors secreted
from the tumor, which increase the expression of RANKL [21]. Recurrent and metastatic
disease is correlated with the increased regulation of epidermal growth factor receptor,
a tyrosine kinase expressed by neoplastic stromal cells to enhance osteoclastogenesis, in
response to M-CSF [6]. Chromosome aneuploidy and centrosome amplification were asso-
ciated with recurrence and metastasis in GCTB, which may help determine the malignancy
of the disease [22]. Lower expression of the genes that control cell membrane stability,
decorin, and lumican has also been associated with metastatic disease and could be used as
biomarkers for metastatic and recurrent GCTB [23]. Mutations in H-RAS and TP53, not
found in benign GCTB lesions, characterize transformation to malignancy. Evaluation of
these mutations may be a significant predictor of disease progression [24]. Despite some
hints, histopathological and genetic characteristics of GCTB have not been demonstrated
to be clearly predictive of clinical outcomes, such as local progression and the probability
of recurrence or metastasis. The advancement of foundational GCTB information could
be further analyzed and fused with clinical and radiological aspects to create a multidisci-
plinary classification of GCTB that can predict clinical behavior and create individual risk
profiles.

1.3. GCTB Imaging

The recommended initial diagnostic in addition to the physical examination is a plain
radiograph, for both primary and recurrent GCTB lesions. However, there is currently no
consensus on the optimal imaging modalities to monitor patients treated with denosumab.
For therapeutic decisions, it is important to identify radiological features of GCTB during
denosumab treatment that indicate a positive response to denosumab [25] (Figures 4-6).
The commonly used score system for GCTB is the Campanacci classification. However, it
should not be interpreted definitively as a prognostic factor, because many studies have
demonstrated no correlation between the Campanacci grade of the tumor and the risk
of local recurrence or metastasis. An important feature indicative of a good response
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to denosumab treatment on radiographic imaging is osteosclerosis, visible as increased
radiopacity in the osteolytic area of the tumor. It often occurs at the periphery of the
lesion and is characterized by well-defined marginal sclerosis and neocortex formation [25].
GCTB occurs as an eccentric, lytic lesion with a sharply defined no-sclerotic border on
plain radiographs. There may be a large zone of transition with cortical damage and a soft
tissue component in more aggressive GCTB. The metaphysis of long bones is the most
common location, extending to the epiphysis of the subarticular region. If GCTB responds
well to denosumab, a simple X-ray will usually reveal the development of a calcified rim
surrounding the tumor and/or a decrease in the size of the lesion.
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Figure 3. Giant cell tumor of bone: predominant mononuclear cells (A, HE, 100x; B) with strong
nuclear expression of H3.3 p.Gly34Trp (G34W) (B, G34W, 100x); the giant cells (C, HE, 100x;
D, G34W, 100x) are negative for H3.3 p.Gly34Trp (G34W) but positive reaction in mononuclear cells
are described in over 90% of cases (D, G34W, 100 x).

Computed tomography (CT) scans show tumor matrix and marginal sclerosis. Be-
fore intralesional surgery, CT can be conducted to evaluate cortical thinning, pathologic
fractures, and fracture consolidation. The CT shows neocortex formation well with a re-
construction of areas of cortical and basal bone destruction, which can be also valuable in
surgical planning [25]. Another important application of CT imaging is the detection and
monitoring of lung metastases. Pulmonary metastases that respond well to denosumab
treatment respond with size reduction or ossification [26].
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Figure 4. Significant calcification of the locally advanced GCTB of proximal tibia after 8 doses of
denosumab (X-rays). Prolonged denosumab treatment can aid resection of the initially inoperable
cases. (A): Lesion before denosumab therapy, (B): after 8 doses of denosumab, (C): after the surgery
with radical resection and implantation of oncological prosthesis.

Magnetic resonance (MRI) imaging is recommended before surgical treatment. MRI is
effective for evaluating the response to denosumab treatment, and it is necessary to assess
the amount of GCTB within the bone and surrounding soft tissues to establish a surgical
strategy. To evaluate the response to denosumab treatment, it is very useful to assess the
reduction in the size of the soft-tissue component of GCTB in MRI. Moreover, T1 and
T2 signal intensity decreases under good treatment response. The decrease in MR signal
intensity may reflect a histological response involving the replacement of multinucleated
giant cells and mononuclear cells by fibroblast-like spindle cells, dense fibro-osseous tissue,
or woven bone. This response may occur with the low-signal marginal sclerosis and
low-signal internal matrix [25,27,28].
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© (D)

Figure 5. Response to denosumab therapy and radical resection of the GCTB of the second metacarpal
followed by reconstruction with a 3D-printed patient-specific implant. (A) GCTB of the second
metacarpal at the beginning of therapy; (B) X-ray taken after 13 doses of denosumab treatment;
(C) Intraoperative image showing well-calcified tumor after dissection of surrounding soft tissue
envelope; (D) 3D-printed patient-specific implant.
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Figure 6. GCTB of the distal femur (X-rays). (A) Before denosumab therapy, (B) after 6 doses of
denosumab, and (C) after intralesional curettage and PMMA cementoplasty.

PET-CT is valuable in assessing response to treatment. It can assess SUVmax before
and after treatment (functional assessment) and monitor the change in tumor size and
development of new bone formation on the associated CT image (morphological assess-
ment) [25,29-31]. Because SUMmax correlates well with treatment response, an aggressive
lesion (e.g., giant cell-rich osteosarcoma) should be histologically excluded if SUWmax is
not decreased or increased. PET-CT may also be useful in the evaluation and monitoring of
lung metastases [25].

Evaluation of bone mineral density (BMD) as a marker of response to denosumab
treatment appears promising. However, there is currently limited evidence. A study involv-
ing three patients used dual-energy X-ray absorptiometry (DEXA) to measure BMD during
denosumab treatment. In all patients, tumor BMD steadily increased during denosumab
treatment. No increase in BMD was observed in control areas (lumbar spine and hip) [32].
Further studies are needed to evaluate the feasibility of using DEXA scanning to decide the
optimal duration of treatment and timing of surgery.
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2. Treatment Overview
2.1. Surgical Management of GCTB

The widely accepted and most appropriate local therapy in GCTB of the extremities is
extended intralesional curettage, which is based on principles of careful, thorough removal
of the tumor tissue by judicious curettage of the tumor bed with various sizes of bone
curettes and high-speed burrs. Copious lavage with H,O, or 0.9% saline and the use of
specific adjuvants such as phenol, liquid nitrogen, argon plasma coagulation or polymethyl
methacrylate (PMMA) at the time of the surgery can reduce the risk of local recurrence,
destroying microscopic disease left behind curettage [6].

Extended intralesional curettage followed by PMMA cementoplasty, bone substitutes
or bone grafting remains the standard treatment solution for locally advanced or recurrent
GCTB. The local extent of the tumor or anatomical constraints can sometimes disqualify a
patient from this type of therapy.

Uncurettable cases of GCTB when salvage of the joint is not achievable usually qualify
for a segmental resection followed by endoprosthetic reconstruction with a modular or
patient-specific implant, biologic reconstruction with a bone graft or, in rare cases, am-
putation of the limb when local conditions, the advancement of the tumor or malignant
transformation exclude limb-sparing surgery. For bones that are considered dispensable,
such as the proximal part of the fibula, en-bloc resection is an appropriate surgical choice.
Lesions may also be considered unresectable if the expected morbidity and mortality rates
caused by surgery represent an unreasonable risk. Lesions of the axial skeleton, such as the
sacrum, are commonly referred to as unresectable lesions [6].

The rates of local recurrence of GCTB vary widely according to the initial treatment
modality used. Disease recurrences are usually observed within 2 years, with a rate of
27-65% for isolated curettage [6]. However, many studies have been conducted regarding
possible adjuvant treatments to reduce the risk of local recurrence. The use of high-speed
burr, phenol or liquid nitrogen, and polymethyl methacrylate (PMMA) to prolong intraop-
erative curettage improved local efficacy and reduced the recurrence rate to 12-27% [6,33].
The combination of phenol and PMMA demonstrated minimal difference compared to
PMMA alone. Recurrence rates after en-bloc resection are estimated to be 01-12%. In addi-
tion, up to 10.5% of recurrent lesions may develop features of malignancy and yield lung
metastases [4,34]. Soft tissue extension or location in the sacrum or spine can contribute to
the increased chance of local recurrence, which may be explained by the locally aggressive
nature of GCTB and technical challenges, incomplete tumor removal, and application of
local adjuvants close to neurovascular structures [6,35].

The extent of the soft tissue component, which is likely to improve after neoadjuvant
systemic targeted denosumab therapy, determines the feasibility of intralesional surgery.
Pathologic fractures are common at presentation (15-20%), but they do not enhance the
risk of local recurrence therefore, curettage with adjuvants is a viable treatment option [6].

Because of the complex anatomy and proximity to vital neurovascular structures,
adequate disease clearance, whether by intralesional extended curettage or resection, is
always a difficulty and is thus linked to a high rate of local recurrence. Surgical methods
can be connected with significant morbidity such as neurovascular deficits and injury to
the visceral organs. There is an emphasis on developing less morbid therapeutic options
that can balance effective local control with minimum treatment-related morbidity. The
current management of GCTB is interdisciplinary, requiring input from musculoskeletal
oncologists, intervention radiologists, and medical oncologists [36].

2.2. Denosumab in Multidisciplinary Medical Management of GCTB

Systemic therapy and irradiation are not considered the standard of care due to the
benign nature of GCTB. However, denosumab is a relevant therapy option for advanced
GCTB, to beneficial tumor response and surgical down-staging in patients of GCTB, ac-
cording to clinical trials and case studies, mostly in cases where before, en-bloc resection or
even amputation were the only alternatives for unsalvageable cases. Creating an operable
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situation and obtaining quick local control is critical, and as a result, systemic therapy
may eliminate the need for extensive surgery. Denosumab appears to be useful for sur-
gical treatment optimization by suppressing the recruitment of osteoclast-like giant cells
by neoplastic stromal cells, avoiding the osteolysis found in GCTB. Furthermore, it can
reduce the tumor size and create a calcified rim around the soft tissue component found in
mature GCTB, allowing for curettage with local adjuvants or en-bloc excision in previously
unresectable GCTB at a later stage [6]. Although uncommon, neoadjuvant denosumab
may help downstaging and facilitate en-bloc resection with endoprosthetic replacement in
more severe cases, where before amputation was planned. Denosumab has also facilitated
surgical treatment for advanced axial GCTB, where surgery was before unfeasible [37].

Denosumab is a human monoclonal antibody directed against the RANKL and associ-
ated inhibition of the RANKL pathway. Prevention of RANK activation, therefore inhibits
osteoclast activation, mirroring the action of endogenous osteoprotegerin. Thus, it mod-
erates bone resorption (Figure 7) [37,38]. Histopathologically, after denosumab treatment,
mononuclear cells and osteoclast-like cells may be no longer detectable [18]. A partial
maturation of neoplastic stromal cells towards an osteoblastic phenotype, as well as fibrous
and osteoid matrix production, is found after denosumab treatment. Denosumab was
approved by the FDA in 2013 for treatment in patients with GCTB who were considered to
be either inoperable or surgery would cause unacceptable morbidity or who had metastatic
disease. Multiple phase Il trials were used to support this approval. Denosumab treatment
was found to have a significant clinical, radiological, and histological response in several
investigations [39-41]. Patients with GCTB after denosumab treatment typically experience
pain relief, better function, and mobility [38,42]. Tumor shrinkage, central sclerosis, and
bone formation, peripheral bone formation, and complete healing of a pathological fracture
were all observed on radiographs after denosumab treatment [43-47]. Although these
improvements were observed in almost all studies on denosumab, they did not result in a
reduction in local recurrence in the neoadjuvant setting. One probable explanation is that
after denosumab treatment, the reactive collagen matrix and osteoid development within
the neoplasm make it more difficult to identify tumor from normal tissue [7,48-51]. As a
result, tumor tissue can be left behind during intralesional excision/curettage, leading to
recurrence disease following the discontinuation of denosumab treatment [52]. Standard
dosing includes administration of 120 mg of denosumab subcutaneously every 4 weeks,
with additional doses on days 8 and 15 during the first cycle. Most patients in studies
were given denosumab together with calcium and vitamin D supplements. The length of
denosumab treatment varied greatly between studies and between participants within the
same research, ranging from 4 to 55 months [7].

Trials or case series about GCTB have limitations due to a short follow-up. Moreover,
denosumab preoperative therapy is related to the higher likelihood of local recurrence
in patients treated with curettage not wide excision. This could be due to the tumor’s
thickened bone margin, which trapped tumor cells during curettage. It is considered that
the local recurrence was also aided by tumor cells directly forming bone in the margin
following denosumab treatment. Denosumab induced a cytostatic rather than a genuine
cytotoxic response in neoplastic stromal cells in vitro [3]. The optimal duration, long-term
safety, maintenance dose, and optimum indications are still unknown.
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Figure 7. Mechanism of action of a Denosumab, targeting RANKL. RANKL has been demonstrated to
exist in a variety of forms. The most physiologically active is the transmembrane version of RANKL on
osteocytes. It promotes osteoclast activity upregulation. Metalloproteinases have been demonstrated
to release soluble forms of RANKL from the membrane. Denosumab suppresses osteoclastogenesis
by binding to RANKL and as a result inhibiting RANKL and preventing RANKL binding to RANK.
Denosumab only inhibits osteoclastogenesis, not osteoclast survival. RANKL—nuclear factor-kB
receptor activator ligand; RANK—receptor located on osteoclasts.

2.3. Early Evidence of Denosumab Outside GCTB

Denosumab was initially developed by Amgen as a treatment for osteoporosis. Deno-
sumab demonstrated antiresorptive activity and proved relative safety. In the study of
7868 women with osteoporosis, the authors observed a significant reduction in the num-
ber of osteoporotic fractures among patients treated with denosumab compared with
placebo [53]. A multicenter, randomized study was conducted with 1468 men with non-
metastatic prostate cancer treated with androgen deprivation therapy. Patients were ran-
domized to a placebo group and to a denosumab treatment group. According to this
research, patients treated with denosumab had an improvement in bone mineral density
and a lower incidence of new vertebral fractures [54]. Denosumab was shown to be no
worse than zoledronic acid in avoiding or delaying skeletal-related events in individuals
with advanced cancer and bone metastases (excluding breast and prostate) or myeloma [55].

2.3.1. Early Evidence in GCTB

The safety and efficacy of denosumab for the treatment of GCTB have been confirmed
in several clinical trials. Treatment has been administered both in combination with surgical
resection and as a stand-alone approach. In an intermediate analysis of a Phase-2 trial
involving 222 GCTB, patients were treated with denosumab (54% women; median age
34 years), whose originally planned surgery was associated with significant functional com-
promise or morbidity. Forty-eight percent of patients had no surgery at the last follow-up,
and 38% underwent a less morbid procedure than initially planned. For 106 patients who
did not undergo surgery and continued monthly denosumab intake, the median duration
of denosumab intake was 19.5 months. Among 116 patients treated with surgery (median
postoperative follow-up 13.0 months), the local recurrence rate was 15%. The authors
reported a conclusion that in patients with resectable GCTB, neoadjuvant denosumab
therapy resulted in favorable surgical downstaging, including less morbid surgery or no
surgery [46].

An open-label Phase-2 study (NCT00396279) conducted from 2006 to 2008, studied
18 patients with recurrent unresectable GCTB, 13 patients with primary unresectable GCTB,
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and 6 patients with recurrent resectable GCTB. Patients received denosumab until com-
plete tumor resection, disease progression without clinical benefit, or patient decision to
discontinue treatment for any reason. Treatment response was assessed histologically or
radiographically (when tissue samples were not available). Two patients had insufficient
histology or radiology data for assessment. All 20 patients who were evaluated histo-
logically showed elimination of giant cells by 90% or greater from baseline. Ten of the
15 patients evaluated radiologically showed no tumor progression [31].

In the Branstetter et al. study, 20 adult patients with recurrent or unresectable GCTB
received denosumab. A decrease of 90% or more in tumor giant cells from the tumor
was chosen as the primary histologic efficacy endpoint. In all analyzed samples, a 90% or
greater reduction in tumor giant cells was observed. Denosumab treatment also reduced
the relative amount of proliferative, dense cellular tumor stromal cells, instead replacing
them with nonproliferative, differentiated, densely woven new bone [43].

In a prospective, nonrandomized study reported by Traub et al., 20 patients with
resectable GCTB received denosumab for 6 to 11 months before surgery. All patients
showed a positive radiographic response with subchondral and cortical bone improvement,
allowing tumor resection and joint preservation in 18 cases. All patients experienced
a reduction in pain during the first month of treatment. Histologic examination after
denosumab administration revealed rarely detectable osteoclast-like giant cells and a
marked increase in an osteoid matrix and bone tissue. During a median 30 months follow-
up after resection, three patients showed local recurrence. The authors concluded that
Denosumab preoperatively provided a favorable and consistent clinical, radiographic, and
pathologic response. This facilitates less aggressive surgical treatment, particularly joint
preservation. However, denosumab did not reduce the rate of local recurrence of GCTB
after resection, which remains a concern [47].

2.3.2. Denosumab Current Clinical Indications in GCTB

Multicenter Phase-2 trials evaluating the safety and efficacy of denosumab therapy
in GCTB are currently ongoing. While the usefulness of denosumab in advanced and
unresectable tumors is well established, its role in surgically resectable disease is still being
debated. Current indications for denosumab therapy include mostly patients with radiolog-
ically confirmed GCTB that is recurrent or considered unresectable, where resection would
be associated with significant morbidity or mortality. Less morbid surgery offers obvious
clinical benefits for the patient, and multiple trials have demonstrated the usefulness of
denosumab in reducing surgical procedure morbidity. Currently, the use of neoadjuvant
denosumab in operable GCTB is restricted to situations where widespread reactive bone
formation and peripheral ossification can facilitate surgery, such as tumors with a large soft
tissue component. When preoperative denosumab is given, a planned resection may be-
come less morbid. Denosumab may be considered in the neoadjuvant treatment whenever
a segmental resection is thought to be indicated at diagnosis. A six-month preoperative
regimen is considered safe and effective. Studies confirmed that denosumab became the
optional therapy in selected patients in the multidisciplinary management of GCTB.

A multi-center, open-label Phase-2 study (NCT00680992) was one of the first large
investigations evaluating denosumab’s safety profile in GCTB. Patients (n = 282) were
divided into three groups: with surgically incurable GCTB (cohort 1), with GCTB that can
be saved but has a high risk of major morbidity following surgery (cohort 2), and patients
who have completed a previous denosumab study in GCTB (cohort 3). The goal of the study
was to determine the type, frequency, and severity of adverse events as well as laboratory
abnormalities. Time to disease progression in cohort 1 and the proportion of participants
who did not have surgery in cohort 2 are two additional outcomes variables [44]. An interim
analysis of patients with resectable GCTB treated with denosumab (1 = 222), indicated a
decrease in surgical invasiveness: 86% had clinical benefits, 48% had no surgery, and 38%
had less morbid surgery [46]. In the first six months of the study, 92% of patients who got
at least one dose of denosumab in cohort 2 did not have surgery [56].
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Despite the lack of results from randomized studies comparing surgical treatment of
GCTB with and without neoadjuvant denosumab, the neoadjuvant cohorts” recurrence
rates are quite similar to previous data on GCTB treated exclusively surgically. According
to the systematic literature analysis, the pooled weighted recurrence rate is 9% [7]. The
long-term findings of a Phase-2 study with denosumab in more than 500 patients revealed
the following for 157 surgically treated patients: the overall recurrence rate was 27%, 34%
for curettage patients, and 12% for those who received resection [41].

Deventer et al. published a single center study of 115 patients with GTCB treated
between 2009 and 2019. Mean age of patients was 33.9 years, with predominance of women
(59.1%). Most of lesions were located on the distal femur (37.4%) and proximal tibia (24.3%).
Lung metastases occurred in four cases. Majority of cases underwent intralesional curettage
(91.3%), four patients were treated with a wide resection, and three cases were treated by
simple observation. In fourteen of the patients, preoperative denosumab treatment was
indicated. Denosumab was applied also preoperatively in 17 cases of local recurrence. In
conclusion, preoperative denosumab did not significantly increase the local recurrence [57].

There are also many series and case reports of the denosumab treatment in patients
with GCTB. One of the early large reports of the use of denosumab was presented in a
series of 35 patients. In 17 patients, surgery following denosumab treatment was per-
formed. Eleven of the patients had wide en-bloc resection with prosthesis implantation
in 10 cases and 6 patients with intralesional curettage. Tumor progression was observed
in two patients that underwent intralesional curettage without prosthesis implantation.
Beyond that, tumor progression was observed during denosumab therapy in two patients
after the previous radiotherapy. The one-year progression-free survival (PFS) rate was
92.8% [58]. Another series of 11 patients in a retrospective study of denosumab in un-
resectable cases of GCTB shows that six doses of preoperative treatment decreased the
tumor size and increased density, and improved clinical symptoms [59]. Another case
reports three patients with GCTB of the proximal humerus, sacrum, and proximal femur.
In all cases, the authors describe safety and great response to denosumab. One of the
cases was a previously unresectable lesion in a 27-year-old man, which facilitated the safe
use of extended curettage and cementation after 6 months of treatment [60]. The case
reported by Park et al. describes the use of denosumab without surgical intervention
in a 25-year-old man with a Campanacci grade 3 GCTB on the distal radius bone. At a
3.5-year follow-up and after a 1-year drug-free period, the patient was asymptomatic with
no histologic features of tumor recurrence [61]. Karras et al. described a good response
to denosumab treatment in a 10-year-old girl with GCTB of the right patella. The patient
was previously in a wheelchair. She returned to activity within 4 months of treatment and
underwent successful surgical resection 3 months later [62]. Another case report describes
a 17-year-old patient with GCTB of the distal femur. Three months after primary surgical
resection, the patient developed local recurrence and one month later thorax CT showed
bilateral pulmonary nodules metastases. Application of chemotherapy showed no effect,
but progression in lungs. After denosumab administration, patient achieved a significant
regression at the site of recurrence and pulmonary metastases [63].

There are many case reports of the successful use of denosumab in patients with
GCTB of the spine who could not undergo initial intradiscal excision. Denosumab therapy
for spinal GCTB reduces tumor stage, surgical difficulties, and neurological impairment
progression; nevertheless, it does not result in total GCT cell eradication [64]. Mattei et al.
described a case of GCTB of the C2 vertebral body and odontoid process in a 22-year-old
female patient. The patient shows complete remission under denosumab treatment and
complete radiographic response at 16 months of follow-up [65]. Dubory et al. presented
a series of eight patients with GCTB of the spine treated with denosumab. The mean
duration of denosumab therapy was 12.9 months. During a follow-up (mean 19.3 months),
all patients improved in back pain and neurologic deficits. For patients treated with
neoadjuvant denosumab, histologic analysis showed a maximum of 10% alive tumor cells
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and no giant cells. In CT scans performed after 6 months, a reduction in tumor size was
observed, which made surgical interventions safer and less complicated [66].

Denosumab was also applied as a preoperative neoadjuvant to delay or stop the
progression of GCTB and to create a sclerotic bone rim. This approach allows for less
bone resection and increases the possibility of achieving complete excision with extended
curettage, even in previously unresectable lesions [67]. Another example is a case of GCTB
in an 84-year-old Japanese man. On magnetic resonance imaging, the tumor measured
94 x 66 x 90 mm and was located in the left iliac bone. Due to the unresectability of the
lesion, the patient was treated with denosumab with good response and no side effects [68].
Another case report of a 19-year-old male with GCTB of the sacrum showed successful
treatment of neoadjuvant denosumab which allowed for curettage instead of sacrectomy.
Moreover, after 10 months of denosumab treatment, a reduction in the size of the metastatic
pulmonary nodule was achieved, allowing for curative thoracoscopic surgery [69].

Another example shows that surgeons should be aware that prolonged adjuvant
denosumab therapy may increase the difficulty of excision. After 10 cycles of neoadjuvant
denosumab therapy, a 51-year-old man with T12 GCTB had his tumor totally excised with
a total spondylectomy. Postoperatively, radiographic findings revealed epidural tumor
decrease in the spinal canal as well as the creation of a sclerotic rim, where the affected
vertebra collapsed. Increased woven bone was found around the resected vertebra’s
peripheral lesion, and RANKL-positive stromal cells remained around the woven bone.
The tumor margins became unclear as a consequence of these morphological alterations,
making excision more challenging. In conclusion, authors suggest that the GCTB stromal
cells persisted after long-term denosumab treatment and total surgical excision of primary
lesions is the gold-standard treatment, even after denosumab administration [70].

Denosumab can also be used to treat patients with GCTB at the disseminated stage.
Miles et al. report the case of a 36-year-old female patient with GCTB of the wrist who
developed multiple lung metastases 2 years after resection of the primary lesion. The
lung metastases underwent resection. Three years later, unresectable lung dissemination
occurred. The patient received treatment with denosumab. A CT scan performed 4 months
later showed regression of the lesions. Good response to denosumab persisted for 9 years,
with good tolerance [2]. In a study of 381 patients with GCTB, 19 patients developed lung
metastases. The kind of surgery and local recurrence are the only significant predictors
of lung metastases in GCTB patients. Denosumab does not reduce the likelihood of lung
metastases [20].

In some studies, authors observed a significantly higher local recurrence rate in
GCTB treated with preoperative denosumab followed by curettage compared with the
curettage-only group [48]. The systematic review revealed that preoperative denosumab
might increase the risk of local recurrence of GCTB treated with curettage. Other studies
showed no difference in local recurrence rate [71]. A definite conclusion about preoperative
denosumab on the local recurrence of GCTB treated with curettage has not yet been
obtained, because of contradictory results across published studies. Because there are no
randomized studies and the existing studies seem to be of poor quality due to indication bias
(e.g., denosumab treatment of the most aggressive or unresectable tumors), the available
information is limited. Denosumab treatment should be approached with caution until
additional conclusive, randomized studies demonstrating a benefit (or lack thereof) have
been completed. A summary of main studies on GCTB treated with denosumab are shown
in Table S1.

2.3.3. Progression to High-Grade Sarcoma

Concerns have been raised about the possibility of developing progression to high-
grade sarcoma while taking denosumab. Malignant GCTB can occur as a high-grade
sarcoma within an otherwise GCTB, or as a secondary result of earlier radiation or surgery.

It is unclear whether denosumab causes malignant progression, whether it happens
despite systemic treatment as a natural course of GCTB, or if it is due to a biopsy error or a
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misdiagnosis. Due to the high response rate of denosumab in GCTB, each non-responding
patient should have a confirmatory biopsy. The likelihood of malignant transformation of
denosumab-treated GCTB into sarcoma deserves further investigation. Some malignant
changes, such as tumor progression to osteosarcoma or undifferentiated pleomorphic sar-
coma, have been described in the literature. Santosh et al. and Wojcik et al. described
the histological resemblance of GCTB treated with denosumab to osteosarcoma, with
pseudosarcoma without aggressive features associated with sarcoma, in two separate case
series [72,73]. In the multi-center study were four occurrences of sarcomatous transforma-
tion (1%), which is consistent with previous findings of the natural course of GCTB [56].
There is still a lot of debate over denosumab’s malignant transformational properties, but
accumulating data does not confirm this phenomenon and in the authors” opinion, the
most crucial is the correct diagnosis of GCTB using molecular testing before initiation of
denosumab therapy. More research is needed to better understand the safety of denosumab
in the treatment of GCTB [72-75].

2.3.4. Future Considerations and Unknowns

Expanding the indication for intralesional surgery to every individual patient who is
considered for surgery would result in a significant improvement in terms of functional
outcome and quality of life for patients with GCTB. This can be achieved with neoadjuvant
denosumab therapy, which avoids more invasive resections, especially in advanced and
axially positioned GCTB. However, there are still certain questions to be answered about
denosumab’s efficacy, effectiveness, and safety.

2.3.5. Dosing Regimen and Treatment Duration

Studies to date have used widely varying durations of denosumab treatment and
dosing regimen. Most data and the longest observation on denosumab treatment tolerance
come from the osteoporosis treatment, where patients received denosumab subcutaneously
in 60 mg dose every 6 months. Relevant data on the dosing and duration of denosumab
treatment in GCTB come from ongoing phase 2 trials. In most of these studies, treatment
consists of giving patients monthly subcutaneous injections of denosumab 120 mg, with
saturating doses on days 8 and 15 of the first cycle. Patients are additionally advised to
take 500 mg of calcium and 400 international units of vitamin D daily. In ongoing Phase-2
trials, patients are expected to continue treatment with denosumab until complete tumor
resection occurs, disease progression occurs without clinical benefit, or the patient wishes
to discontinue treatment [31,38,40,46]. The rate of relapse after discontinuation of treatment
and whether it is related to the length of treatment is also unknown.

The optimal duration time of denosumab neoadjuvant is still unknown. Some authors
recommend a neoadjuvant treatment period of 3—4 months [52,76,77]. This is the time
required for a cortical rim to form around the entire tumor and soft tissue component,
allowing for the emergence of an operative scenario in previously uncurettable GCTB.
According to the authors, this is the appropriate time window for neoadjuvant denosumab
therapy followed by intralesional surgery. A gum-like layered substance is observed during
surgery after longer denosumab therapy, and as the typical macroscopic appearance of
GCTB vanishes, complete tumor removal by intralesional curettage becomes more difficult,
with a higher risk of leaving residual disease behind, leading to a higher recurrence risk.
When aiming for en-bloc excision from previously unsalvageable GCTB, the effect of
prolonged denosumab therapy may be waited upon, to allow for maximum calcification
and radical tumor removal for a low probability of recurrence. Further studies are important
to develop an optimal dosing regimen and treatment duration.

2.3.6. Side Effects of Denosumab

Denosumab treatment is generally well tolerated with a low incidence of serious side
effects. In 10 years, the observation of denosumab treatment in osteoporosis was associated
with low rates of adverse events. However, it should be noted that the dose administrated
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in this indication was lower than the dose administrated in GCTB treatment [53]. In a
multi-center study of 282 patients with GCTB treated with denosumab, adverse events
did not often occur. Hypophosphatemia in 5% of patients, osteonecrosis of the jaw in
3%, pain in the extremity in 2%, and anemia in 1% were the most common grade 3 or
worse adverse effects during the treatment phase. Treatment-related mortality accounted
for 2% of all deaths (two of which were considered treatment-related; bone sarcoma and
sarcoma) [56]. In another study of 115 patients treated with denosumab, jaw necrosis
and polyarthralgia with myalgia occurred in 9.1% of patients [57]. Jaw necrosis was
also the main complications (11%) of denosumab treatment of 97 patients in a study by
Palmerini et al. Other complications were a mild peripheral neuropathy (11%), skin rash
(9%), atypical femoral fracture (4%), and hypophosphatemia (4%). The median treatment
duration was 12 months [78]. In a study of 138 GCTB patients treated with denosumab
(median treatment duration was 8 months), the treatment was well tolerated. Osteonecrosis
of jaw was observed in one patient (0,7%). Grade 3 toxicity was observed in two patients;
one patients had hypophosphatemia and another one had hypocalcemia. Grade 2 toxicities
was observed in about 10% of patients [79]. In an open-label Phase-2 study of 37 patients
with GCTB treated with denosumab, 33 of 37 patients presented adverse events, the most
common of which were limb pain, back pain, and headache. Five patients experienced
serious adverse events, only one of which was considered likely related to treatment: a
non-pregnancy-related grade 3 increase in human chorionic gonadotropin concentration.
Importantly, there were no cases of malignant transformation attributed to denosumab
therapy [31].

2.3.7. Long-Term Effects, Pregnancy, and Children

Much is still unknown about the long-term effects of denosumab therapy in patients
diagnosed with GCTB. Most of the data on the long-term effects of RANKL blockade
have been obtained in an older patient population [31]. The long-term effects in the
young population stays unclear, including the effects on reproductive performance in
patients treated with denosumab. Although pregnancy is an absolute contraindication to
denosumab treatment, it is an important consideration as GCTB is commonly diagnosed in
women of childbearing age [31,37,47,80].

Denosumab therapy for surgically unsalvageable GCTB may be required as a lifelong
treatment, as it is still uncertain what the minimum effective dose and duration or maybe
interval treatment of denosumab can safely be given. This includes young female patients
with incurable disease who want to get pregnant or patients who are fatigued by the
disease’s denosumab adverse effects. Furthermore, when long-term therapy is required,
safety profiles and optimal dosage must be established. In the study by Palmerini et al.
on 43 patients, prolonged treatment with denosumab in monthly schedule has long-term
activity in GCTB and the toxicity profile was mild. However, dose-dependent toxicity was
observed (including 6% of osteonecrosis of jaw), which implies strict monitoring of patients
in a prolonged therapy. Authors suggested that decreased dose-intensity schedules warrant
further studies on unresectable GCTB [81].

Moreover, there is a limited literature considering dosing, timing of treatment, safety,
efficacy, and toxicity of denosumab in children. In addition, the pharmacodynamics and
pharmacokinetics of denosumab have not been studied in young children. Some cases of
administration of denosumab in children for indications such as osteogenesis imperfecta
type 1V, severe hypercalcemia after stem cell transplantation due to osteopetrosis, and
extensive fibrous dysplasia of bone were described. However, data are limited to a small
case series in the pediatric population with skeletal immaturity, with no consensus whether
denosumab may adversely affect growing skeletons [80]. There is also no clear opinion on
treatment options after relapse.
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2.3.8. Treatment Discontinuation

Following the discontinuation of denosumab therapy, an ex vivo tissue study re-
vealed that the stromal cells are still alive, with reactive proliferation and upregulation
of osteoclastogenesis. In addition, after therapy discontinuation, local growth has been
reported in various case studies. After terminating a 2-year denosumab therapy, Matcuk
et al. documented a fast and local recurrence of GCTB in a 24-year-old woman. The
tumor proved resistant to denosumab in this case, and it had to be amputated. The con-
clusion was that denosumab might have a rather cytostatic effect than a true cytotoxic
ability. The suggested resistant mechanism may be that denosumab may induce RANK
overexpression in osteoclast-like giant cells by binding RANKL and then induce RANKL
overexpression in stromal cells. The tumor remains to be controlled while on treatment
but upon cessation goes into a rapid growth, accompanied by severe osteolysis, because
of the cytostatic effect of denosumab [82]. In conclusion, there may be a need for lifelong
denosumab treatment or definitive surgery prior to cessation. Other authors suggest that a
denosumab-resistant clone may have developed independently. Interestingly, the hormonal
changes also may influence GCTB. Some authors speculate that estrogen or progesterone
receptors may clarify the relationship between risk of progression or recurrence of GCTB
during pregnancy [83-85].

2.3.9. New Targets for Systemic Therapy and Biomarkers

Since RANKL inhibition only has an indirect effect on GCTB, the neoplastic stromal
cells are not directly targeted. To turn systemic therapy into a definite therapy for GCTB,
targets for systemic therapy that specifically target neoplastic stromal cells should be es-
tablished. New targets for systemic therapy may be investigated in the future based on
new findings in functional biology and genetics of GCTB. Wnt/b-catenin and recombi-
nant human bone morphogenetic protein-2 are two pathways that modulate neoplastic
stromal cells” osteoclast-inducing activity and could be used as therapeutic targets for
direct antitumor therapy. CD33+ is a distinguishing feature of multinucleated giant cells
with an osteoclast-like phenotype that can be targeted with gemtuzumab, an anti-CD33+
antibody that has already been used to treat acute myeloid leukemia, and could be a new
therapeutic target for GCTB [15]. TNF-alpha, interleukin-6, tumor growth factor-beta, B-cell
activating factor, nerve growth factor, insulin-like growth factor (IGF)-I, and IGF-II are
all RANKL-independent mechanisms of osteoclastogenesis that, while less potent than
RANK/RANKL pathway, may serve as alternative therapeutic targets [6,14]. Biomarkers
to predict the risk of relapse are unknown.

3. Conclusions

Denosumab is a relatively new, very promising targeted therapy option for patients
with GCTB. Several series of GCTB patients treated in routine practice confirmed obser-
vations from clinical trials that denosumab is a gold standard in unresectable/metastatic
disease and it can be considered in a neoadjuvant setting, with excellent efficacy and
tolerability.

However, the current indications for its use are not definitively clear. Most local GCTB
patients can be successfully treated with surgical curettage, and the role of denosumab
in this patient population is not fully understood, especially in terms of the length of
preoperative therapy. Nevertheless, denosumab has a role as an neoadjuvant (induction)
therapy in borderline resectable cases, where partial remission of the tumor allows for
limb-sparing surgery or facilitates radical operation, especially when en-bloc resection is
planned (in these cases, denosumab should be used to maximal effect with full calcification
of the tumor penetrating to the soft tissues).

There is no doubt, however, that patients with primary unresectable lesions or metas-
tases may experience clinical and radiological remission and pain control with denosumab
treatment. However, there are no clear guidelines as to the details of such a treatment that
will most effectively reduce the risk of relapse or progression. Moreover, the schedule of
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denosumab maintenance dosing and its long-term effects remain undefined, especially in
the young population. The potential risks of rapid relapse or transformation of the sarcoma
are not fully understood. These issues should be taken into consideration and discussed
individually with the GCTB patient during treatment planning and should be the subject
of further analysis. The present review of existing experience with denosumab indicates
that such therapy should be planned in a multidisciplinary team in experienced reference
sarcoma centers.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cancers14092290/s1, Table S1: A summary of GCTB studies.

Author Contributions: Conceptualization, A.M.B. and P.L.R.; methodology, A.M.B. and PL.R;;
validation, AM.B., AS.-C., B.S., A.P. and PL.R; investigation, A.M.B. and P.L.R.; resources, A.M.B.
and P.L.R.; writing—original draft preparation, A.M.B., A.S.-C., B.S. and P.L.R.; writing—review and
editing, AM.B., AS.-C, B.S., AP. and PL.R; writing visualization, A.M.B.; supervision, PL.R. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding. P.L.R. has received honoraria for lectures and
Advisory Boards from BMS, MSD, Novartis, Pierre Fabre, Merck, Sanofi, Philogen and Blueprint
Medicines outside of the scope of this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Nakashima, T.; Hayashi, M.; Takayanagi, H. New insights into osteoclastogenic signaling mechanisms. Trends Endocrinol. Metab.
2012, 23, 582-590. [CrossRef] [PubMed]

2. Miles, D.T.; Voskuil, R.T.; Dale, W.; Mayerson, ].L.; Scharschmidt, T.]. Integration of denosumab therapy in the management of
giant cell tumors of bone. J. Orthop. 2020, 22, 38-47, Erratum in: J. Orthop. 2020, 23, 275. [CrossRef]

3. Li, H.; Gao, J.; Gao, Y; Lin, N.; Zheng, M.; Ye, Z. Denosumab in Giant Cell Tumor of Bone: Current Status and Pitfalls. Front
Oncol. 2020, 10, 580605. [CrossRef] [PubMed]

4. Lopez-Pousa, A.; Broto, ].M.; Garrido, T.; Vazquez, J. Giant cell tumour of bone: New treatments in development. Clin. Transl.
Oncol. 2015, 17, 419-430. [CrossRef] [PubMed]

5. Thornley, P; Habib, A.; Bozzo, A.; Evaniew, N.; Ghert, M. The Role of Denosumab in the Modern Treatment of Giant Cell Tumor
of Bone. |BJS Rev. 2017, 5, e4. [CrossRef] [PubMed]

6. van der Heijden, L.; Dijkstra, P.S.; Blay, J.-Y.; Gelderblom, H. Giant cell tumour of bone in the denosumab era. Eur. J. Cancer 2017,
77,75-83. [CrossRef]

7. Luengo-Alonso, G.; Mellado-Romero, M.; Shemesh, S.; Ramos-Pascua, L.; Pretell-Mazzini, J. Denosumab treatment for giant-cell
tumor of bone: A systematic review of the literature. Arch. Orthop. Trauma. Surg. 2019, 139, 1339-1349. [CrossRef]

8.  Balke, M.; Henrichs, M.P,; Gosheger, G.; Ahrens, H.; Streitbuerger, A.; Koehler, M.; Bullmann, V.; Hardes, J. Giant Cell Tumors of
the Axial Skeleton. Sarcoma 2012, 2012, 410973. [CrossRef]

9. Ma,Y,; Xu, W, Yin, H;; Huang, Q.; Liu, T.; Yang, X.; Wei, H.; Xiao, J. Therapeutic radiotherapy for giant cell tumor of the spine: A
systemic review. Eur. Spine J. 2015, 24, 1754-1760. [CrossRef]

10. Martin, C.; McCarthy, E.F. Giant cell tumor of the sacrum and spine: Series of 23 cases and a review of the literature. lowa Orthop.
J. 2010, 30, 69-75.

11.  Gerber, S.; Ollivier, L.; Leclere, J.; Vanel, D.; Missenard, G.; Brisse, H.; De Pinieux, G.; Neuenschwander, S. Imaging of sacral
tumours. Skelet. Radiol. 2007, 37, 277-289. [CrossRef] [PubMed]

12.  Fletcher, C.D.M.; Bridge, ].A.; Hogendoorn, P.C.W.; Mertens, F.; World Health Organization; International Agency for Research on
Cancer. WHO Classification of Tumours of Soft Tissue and Bone, 4th ed.; IARC Press: Lyon, France, 2013.

13.  Alberghini, M.; Kliskey, K.; Krenacs, T.; Picci, P.; Kindblom, L.; Forsyth, R.; Athanasou, N.A. Morphological and immunopheno-
typic features of primary and metastatic giant cell tumour of bone. Virchows Arch. 2009, 456, 97-103. [CrossRef]

14. Hemingway, E; Taylor, R.; Knowles, H.; Athanasou, N. RANKL-independent human osteoclast formation with APRIL, BAFF,
NGEF, IGF I and IGF II. Bone 2010, 48, 938-944. [CrossRef] [PubMed]

15. Forsyth, R.G.; De Boeck, G.; Baelde, J.J.; Taminiau, A.H.; Uyttendaele, D.; Roels, H.; Praet, M.M.; Hogendoorn, P.C. CD33+ CD14—
Phenotype Is Characteristic of Multinuclear Osteoclast-Like Cells in Giant Cell Tumor of Bone. J. Bone Miner. Res. 2009, 24, 70-77.
[CrossRef] [PubMed]

16. Yamamoto, H,; Ishihara, S.; Toda, Y.; Oda, Y. Histone H3.3 mutation in giant cell tumor of bone: An update in pathology. Med.

Mol. Morphol. 2020, 53, 1-6. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/cancers14092290/s1
https://www.mdpi.com/article/10.3390/cancers14092290/s1
http://doi.org/10.1016/j.tem.2012.05.005
http://www.ncbi.nlm.nih.gov/pubmed/22705116
http://doi.org/10.1016/j.jor.2020.03.020
http://doi.org/10.3389/fonc.2020.580605
http://www.ncbi.nlm.nih.gov/pubmed/33123484
http://doi.org/10.1007/s12094-014-1268-5
http://www.ncbi.nlm.nih.gov/pubmed/25617146
http://doi.org/10.2106/JBJS.RVW.16.00072
http://www.ncbi.nlm.nih.gov/pubmed/28441213
http://doi.org/10.1016/j.ejca.2017.02.021
http://doi.org/10.1007/s00402-019-03167-x
http://doi.org/10.1155/2012/410973
http://doi.org/10.1007/s00586-015-3834-0
http://doi.org/10.1007/s00256-007-0413-4
http://www.ncbi.nlm.nih.gov/pubmed/18034341
http://doi.org/10.1007/s00428-009-0863-2
http://doi.org/10.1016/j.bone.2010.12.023
http://www.ncbi.nlm.nih.gov/pubmed/21193069
http://doi.org/10.1359/jbmr.080905
http://www.ncbi.nlm.nih.gov/pubmed/18767926
http://doi.org/10.1007/s00795-019-00238-1
http://www.ncbi.nlm.nih.gov/pubmed/31748824

Cancers 2022, 14, 2290 20 of 22

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

Behjati, S.; Tarpey, P.S.; Presneau, N.; Scheipl, S.; Pillay, N.; Van Loo, P.; Wedge, D.; Cooke, S.L.; Gundem, G.; Davies, H.; et al.
Distinct H3F3A and H3F3B driver mutations define chondroblastoma and giant cell tumor of bone. Nat. Genet. 2013, 45,
1479-1482, Erratum in 2014, 46, 316. [CrossRef]

Kato, I; Furuya, M.; Matsuo, K.; Kawabata, Y.; Tanaka, R.; Ohashi, K. Giant cell tumours of bone treated with denosumab:
Histological, immunohistochemical and H3F3A mutation analyses. Histopathology 2017, 72, 914-922. [CrossRef]

Chan, C.M.; Adler, Z.; Reith, ].D.; Gibbs, C.P. Risk Factors for Pulmonary Metastases from Giant Cell Tumor of Bone. J. Bone Jt.
Surg. 2015, 97, 420-428. [CrossRef]

Tsukamoto, S.; Mavrogenis, A.F,; Leone, G.; Righi, A.; Akahane, M.; Tanzi, P.; Kido, A.; Honoki, K.; Tanaka, Y.; Donati, D.M.; et al.
Denosumab does not decrease the risk of lung metastases from bone giant cell tumour. Int. Orthop. 2019, 43, 483-489, Erratum in:
2019, 43, 491. [CrossRef] [PubMed]

Hiraga, T. Bone metastasis: Interaction between cancer cells and bone microenvironment. J. Oral Biosci. 2019, 61, 95-98. [CrossRef]
Moskovszky, L.; Szuhai, K.; Krendcs, T.; Hogendoorn, PC.W.; Szendr6i, M.; Benassi, M.S.; Kopper, L.; Fiile, T.; Sapi, Z. Genomic
instability in giant cell tumor of bone. A study of 52 cases using DNA ploidy, relocalization FISH, and array-CGH analysis. Genes
Chromosom. Cancer 2009, 48, 468-479. [CrossRef] [PubMed]

Lieveld, M.; Bodson, E.; De Boeck, G.; Nouman, B.; Cleton-Jansen, A.M.; Korsching, E.; Benassi, M.S.; Picci, P.; Sys, G.;
Poffyn, B.; et al. Gene expression profiling of giant cell tumor of bone reveals downregulation of extracellular matrix components
decorin and lumican associated with lung metastasis. Virchows Arch. 2014, 465, 703-713. [CrossRef] [PubMed]

Oda, Y.; Sakamoto, A.; Saito, T.; Matsuda, S.; Tanaka, K.; Iwamoto, Y.; Tsuneyoshi, M. Secondary malignant giant-cell tumour of
bone: Molecular abnormalities of p53 and H-ras gene correlated with malignant transformation. Histopathology 2001, 39, 629-637.
[CrossRef] [PubMed]

Van Langevelde, K.; McCarthy, C.L. Radiological findings of denosumab treatment for giant cell tumours of bone. Skelet. Radiol.
2020, 49, 1345-1358. [CrossRef] [PubMed]

Egbert, R.C.; Folsom, R.; Bell, ].; Rajani, R. Denosumab Therapy for Giant Cell Tumor of Bone Pulmonary Metastasis. Case Rep.
Orthop. 2017, 2017, 2302597. [CrossRef]

Murphey, M.D.; Nomikos, G.C.; Flemming, D.J.; Gannon, FH.; Temple, H.T.; Kransdorf, M.]. Imaging of Giant Cell Tumor and
Giant Cell Reparative Granuloma of Bone: Radiologic-Pathologic Correlation. RadioGraphics 2001, 21, 1283-1309. [CrossRef]
Oguro, S.; Okuda, S.; Sugiura, H.; Matsumoto, S.; Sasaki, A.; Susa, M.; Morioka, H.; Jinzaki, M. Giant Cell Tumors of the Bone:
Changes in Image Features after Denosumab Administration. Magn. Reson. Med. Sci. 2018, 17, 325-330. [CrossRef]

McCarthy, C.L.; Gibbons, C.L.M.H.; Bradley, K.M.; Hassan, A.B.; Giele, H.; Athanasou, N.A. Giant cell tumour of the distal
radius/ulna: Response to pre-operative treatment with short-term denosumab. Clin. Sarcoma Res. 2017, 7, 19. [CrossRef]
Hakozaki, M.; Tajino, T.; Yamada, H.; Hasegawa, O.; Tasaki, K.; Watanabe, K.; Konno, S. Radiological and pathological
characteristics of giant cell tumor of bone treated with denosumab. Diagn. Pathol. 2014, 9, 111. [CrossRef]

Thomas, D.; Henshaw, R.; Skubitz, K.; Chawla, S.; Staddon, A.; Blay, ].-Y.; Roudier, M.; Smith, J.; Ye, Z.; Sohn, W.; et al. Denosumab
in patients with giant-cell tumour of bone: An open-label, phase 2 study. Lancet Oncol. 2010, 11, 275-280. [CrossRef]

Veng, C.; Jorgensen, P.H.; Krog-Mikkelsen, I.; Stilling, M. Measurement of bone mineral density as an efficacy marker in
denosumab treatment of giant cell tumour of bone. BMJ Case Rep. 2017, 2017, bcr2017220369. [CrossRef] [PubMed]

Klenke, EM.; Wenger, D.E.; Inwards, C.Y.; Rose, P.S.; Sim, EH. Giant Cell Tumor of Bone: Risk Factors for Recurrence. Clin.
Orthop. Relat. Res. 2010, 469, 591-599. [CrossRef] [PubMed]

Ng, V.Y.;; Davidson, D.J.; Kim, E.Y,; Pollack, S.M; 1ii, E.U.C.; Jones, R.L. The multidisciplinary management of giant cell tumor of
bone. Expert Rev. Anticancer Ther. 2014, 14, 783-790. [CrossRef] [PubMed]

Balke, M.; Schremper, L.; Gebert, C.; Ahrens, H.; Streitbuerger, A.; Koehler, G.; Hardes, J.; Gosheger, G. Giant cell tumor of bone:
Treatment and outcome of 214 cases. J. Cancer Res. Clin. Oncol. 2008, 134, 969-978. [CrossRef]

Kamath, N.; Agarwal, J.; Gulia, A. Axial giant cell tumor—current standard of practice. J. Clin. Orthop. Trauma. 2019, 10,
1027-1032, Erratum in: 2020, 11, 1169-1171. Erratum in: 2020, 11, 1172-1174. Erratum in: 2021, 21, 101556. [CrossRef]

Dufresne, A.; Derbel, O.; A Cassier, P,; Vaz, G.; Decouvelaere, A.-V.; Blay, J.-Y. Giant-cell tumor of bone, anti-RANKL therapy.
BoneKEy Rep. 2012, 1, 149. [CrossRef]

Martin-Broto, J.; Cleeland, C.S.; Glare, P.; Engellau, ]J.; Skubitz, K.M.; Blum, R.H.; Ganjoo, K.N.; Staddon, A.; Dominkus, M.;
Feng, A.; et al. Effects of denosumab on pain and analgesic use in giant cell tumor of bone: Interim results from a phase II study.
Acta Oncol. 2014, 53, 1173-1179. [CrossRef]

Thomas, D.; Carriere, P; Jacobs, I. Safety of denosumab in giant-cell tumour of bone. Lancet Oncol. 2010, 11, 815. [CrossRef]
Ueda, T.; Morioka, H.; Nishida, Y.; Kakunaga, S.; Tsuchiya, H.; Matsumoto, Y.; Asami, Y.; Inoue, T.; Yoneda, T. Objective tumor
response to denosumab in patients with giant cell tumor of bone: A multicenter phase II trial. Ann. Oncol. 2015, 26, 2149-2154.
[CrossRef]

Chawla, S.; Blay, ].-Y.; Rutkowski, P.; Le Cesne, A.; Reichardt, P.; Gelderblom, H.; Grimer, R.]J.; Choy, E.; Skubitz, K.; Seeger, L.; et al.
Denosumab in patients with giant-cell tumour of bone: A multicentre, open-label, phase 2 study. Lancet Oncol. 2019, 20, 1719-1729.
[CrossRef]

Deveci, M.A,; Paydas, S.; Gonliisen, G.; Ozkan, C.; Biger, S.; Tekin, M. Clinical and pathological results of denosumab treatment
for giant cell tumors of bone: Prospective study of 14 cases. Acta Orthop. Traumatol. Turc. 2016, 51, 1-6. [CrossRef] [PubMed]


http://doi.org/10.1038/ng.2814
http://doi.org/10.1111/his.13448
http://doi.org/10.2106/JBJS.N.00678
http://doi.org/10.1007/s00264-018-4085-6
http://www.ncbi.nlm.nih.gov/pubmed/30099641
http://doi.org/10.1016/j.job.2019.02.002
http://doi.org/10.1002/gcc.20656
http://www.ncbi.nlm.nih.gov/pubmed/19242928
http://doi.org/10.1007/s00428-014-1666-7
http://www.ncbi.nlm.nih.gov/pubmed/25304290
http://doi.org/10.1046/j.1365-2559.2001.01275.x
http://www.ncbi.nlm.nih.gov/pubmed/11903582
http://doi.org/10.1007/s00256-020-03449-1
http://www.ncbi.nlm.nih.gov/pubmed/32335707
http://doi.org/10.1155/2017/2302597
http://doi.org/10.1148/radiographics.21.5.g01se251283
http://doi.org/10.2463/mrms.mp.2017-0072
http://doi.org/10.1186/s13569-017-0085-3
http://doi.org/10.1186/1746-1596-9-111
http://doi.org/10.1016/S1470-2045(10)70010-3
http://doi.org/10.1136/bcr-2017-220369
http://www.ncbi.nlm.nih.gov/pubmed/29066635
http://doi.org/10.1007/s11999-010-1501-7
http://www.ncbi.nlm.nih.gov/pubmed/20706812
http://doi.org/10.1586/14737140.2014.901891
http://www.ncbi.nlm.nih.gov/pubmed/24666240
http://doi.org/10.1007/s00432-008-0370-x
http://doi.org/10.1016/j.jcot.2019.09.025
http://doi.org/10.1038/bonekey.2012.149
http://doi.org/10.3109/0284186X.2014.910313
http://doi.org/10.1016/S1470-2045(10)70170-4
http://doi.org/10.1093/annonc/mdv307
http://doi.org/10.1016/S1470-2045(19)30663-1
http://doi.org/10.1016/j.aott.2016.03.004
http://www.ncbi.nlm.nih.gov/pubmed/27784623

Cancers 2022, 14, 2290 21 of 22

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Branstetter, D.G.; Nelson, S.D.; Manivel, ].C.; Blay, ].-Y.; Chawla, S.; Thomas, D.; Jun, S.; Jacobs, 1. Denosumab Induces Tumor
Reduction and Bone Formation in Patients with Giant-Cell Tumor of Bone. Clin. Cancer Res. 2012, 18, 4415-4424. [CrossRef]
[PubMed]

Chawla, S.; Henshaw, R.; Seeger, L.; Choy, E.; Blay, J.; Ferrari, S.; Kroep, J.; Grimer, R.; Reichardt, P.; Rutkowski, P; et al. Safety
and efficacy of denosumab for adults and skeletally mature adolescents with giant cell tumour of bone: Interim analysis of an
open-label, parallel-group, phase 2 study. Lancet Oncol. 2013, 14, 901-908. [CrossRef]

Boye, K.; Jebsen, N.L.; Zaikova, O.; Knobel, H.; Lendalen, A.M.; Trovik, C.S.; Monge, O.R.; Hall, K.S. Denosumab in patients with
giant-cell tumor of bone in Norway: Results from a nationwide cohort. Acta Oncol. 2017, 56, 479-483. [CrossRef]

Rutkowski, P; Ferrari, S.; Grimer, R.J.; Stalley, P.D.; Dijkstra, S.P.D.; Pienkowski, A.; Vaz, G.; Wunder, J.S.; Seeger, L.L.;
Feng, A.; et al. Surgical Downstaging in an Open-Label Phase II Trial of Denosumab in Patients with Giant Cell Tumor of
Bone. Ann. Surg. Oncol. 2015, 22, 2860-2868. [CrossRef] [PubMed]

Traub, F,; Singh, J.; Dickson, B.; Leung, S.; Mohankumar, R.; Blackstein, M.E.; Razak, A.R.; Griffin, A.; Ferguson, P.C.; Wunder, J.S.
Efficacy of denosumab in joint preservation for patients with giant cell tumour of the bone. Eur. . Cancer. 2016, 59, 1-12.
[CrossRef]

Errani, C.; Tsukamoto, S.; Leone, G.; Righi, A.; Akahane, M.; Tanaka, Y.; Donati, D.M. Denosumab May Increase the Risk of Local
Recurrence in Patients with Giant-Cell Tumor of Bone Treated with Curettage. J. Bone Jt. Surg. 2018, 100, 496-504. [CrossRef]
Scoccianti, G.; Totti, F; Scorianz, M.; Baldi, G.; Roselli, G.; Beltrami, G.; Franchi, A.; Capanna, R.; Campanacci, D.A. Preoperative
Denosumab With Curettage and Cryotherapy in Giant Cell Tumor of Bone: Is There an Increased Risk of Local Recurrence? Clin.
Orthop. Relat. Res. 2018, 476, 1783-1790. [CrossRef]

Agarwal, M.G.; Gundavda, M.K,; Gupta, R.; Reddy, R. Does Denosumab Change the Giant Cell Tumor Treatment Strategy?
Lessons Learned From Early Experience. Clin. Orthop. Relat. Res. 2018, 476, 1773-1782. [CrossRef]

Puri, A.; Gulia, A.; Hegde, P; Verma, V.; Rekhi, B. Neoadjuvant denosumab. Bone Jt. |. 2019, 101-B, 170-177. [CrossRef]

Miiller, D.A.; Beltrami, G.; Scoccianti, G.; Campanacci, D.A.; Franchi, A.; Capanna, R. Risks and benefits of combining denosumab
and surgery in giant cell tumor of bone—a case series. World J. Surg. Oncol. 2016, 14, 281. [CrossRef] [PubMed]

Bone, H.G.; Wagman, R.B.; Brandi, M.L.; Brown, J.P.; Chapurlat, R.; Cummings, S.R.; Czerwinski, E.; Fahrleitner-Pammer, A.;
Kendler, D.L.; Lippuner, K,; et al. 10 years of denosumab treatment in postmenopausal women with osteoporosis: Results from
the phase 3 randomised FREEDOM trial and open-label extension. Lancet Diabetes Endocrinol. 2017, 5, 513-523. [CrossRef]
Smith, M.R,; Egerdie, B.; Toriz, N.H.; Feldman, R.; Tammela, T.L.; Saad, F.; Heracek, ]J.; Szwedowski, M.; Ke, C.; Kupic, A.; et al.
Denosumab in Men Receiving Androgen-Deprivation Therapy for Prostate Cancer. New Engl. ]. Med. 2009, 361, 745-755.
[CrossRef] [PubMed]

Henry, D.H.; Costa, L.; Goldwasser, F; Hirsh, V.; Hungria, V.; Prausova, J.; Scagliotti, G.V.; Sleeboom, H.; Spencer, A;
Vadhan-Raj, S.; et al. Randomized, Double-Blind Study of Denosumab Versus Zoledronic Acid in the Treatment of Bone Metas-
tases in Patients With Advanced Cancer (Excluding Breast and Prostate Cancer) or Multiple Myeloma. J. Clin. Oncol. 2011, 29,
1125-1132. [CrossRef] [PubMed]

Palmerini, E.; Seeger, L.L.; Gambarotti, M.; Righi, A.; Reichardt, P.; Bukata, S.; Blay, J.-Y.; Dai, T.; Jandial, D.; Picci, P. Malignancy
in giant cell tumor of bone: Analysis of an open-label phase 2 study of denosumab. BMC Cancer 2021, 21, 89. [CrossRef]
Deventer, N.; Budny, T.; Gosheger, G.; Rachbauer, A.; Puetzler, ].; Theil, ].C.; Kovtun, D.; de Vaal, M. Giant Cell Tumor of Bone: A
Single Center Study of 115 cases. J. Bone Oncol. 2022, 33, 100417. [CrossRef]

Borkowska, A.; Goryn, T.; Pierikowski, A.; Wagrodzki, M.; Jagieto-Wieczorek, E.; Rogala, P.; Szacht, M.; Rutkowski, P. Denosumab
treatment of inoperable or locally advanced giant cell tumor of bone. Oncol. Lett. 2016, 12, 4312-4318. [CrossRef]

Ms, R.Z.; Ms, TM.; Qi, D.; Zhao, M.; Hu, T.; Zhang, G. Short-term Preoperative Denosumab With Surgery in Unresectable or
Recurrent Giant Cell Tumor of Bone. Orthop. Surg. 2019, 11, 1101-1108. [CrossRef]

Vaishya, R.; Agarwal, A K.; Vijay, V. ‘Salvage Treatment’ of Aggressive Giant Cell Tumor of Bones with Denosumab. Cureus 2015,
7,€291. [CrossRef] [PubMed]

Park, M.]J.; Ganjoo, K.N.; Ladd, A.L. Denosumab, a Potential Alternative to the Surgical Treatment of Distal Radius Giant Cell
Tumor of Bone: Case Report. J. Hand Surg. 2015, 40, 1620-1624. [CrossRef]

Karras, N.A.; Polgreen, L.E.; Ogilvie, C.; Manivel, ].C.; Skubitz, K.M.; Lipsitz, E. Denosumab Treatment of Metastatic Giant-Cell
Tumor of Bone in a 10-Year-Old Girl. J. Clin. Oncol. 2013, 31, €200-€202. [CrossRef] [PubMed]

Demirsoy, U.; Karadogan, M.; Selek, O.; Anik, Y.; Aksu, G.; Miiezzinoglu, B.; Corapcioglu, F. Golden Bullet—Denosumab. .
Pediatr. Hematol. 2014, 36, 156-158. [CrossRef] [PubMed]

Yayama, T.; Mori, K.; Nakamura, A.; Mimura, T.; Imai, S. Denosumab Therapy for Giant-cell Tumor of the Lumbar Spine: A Case
Report and Immunohistochemical Examination. J. Orthop. Case Rep. 2020, 10, 76-79. [CrossRef] [PubMed]

Mattei, T.A.; Ramos, E.; Rehman, A.A.; Shaw, A.; Patel, S.R.; Mendel, E. Sustained long-term complete regression of a giant cell
tumor of the spine after treatment with denosumab. Spine |. 2014, 14, e15-e21. [CrossRef]

Dubory, A.; Missenard, G.; Domont, J.; Court, C. Interest of Denosumab for the Treatment of Giant-cells Tumors and Aneurysmal
Bone Cysts of the Spine. About Nine Cases. Spine 2016, 41, E654-E660. [CrossRef] [PubMed]

Agarwal, A.; Larsen, B.T,; Buadu, L.D.; Dunn, J.; Crawford, R.; Daniel, J.; Bishop, M.C. Denosumab Chemotherapy for Recurrent
Giant-Cell Tumor of Bone: A Case Report of Neoadjuvant Use Enabling Complete Surgical Resection. Case Rep. Oncol. Med. 2013,
2013, 410973. [CrossRef]


http://doi.org/10.1158/1078-0432.CCR-12-0578
http://www.ncbi.nlm.nih.gov/pubmed/22711702
http://doi.org/10.1016/S1470-2045(13)70277-8
http://doi.org/10.1080/0284186X.2016.1278305
http://doi.org/10.1245/s10434-015-4634-9
http://www.ncbi.nlm.nih.gov/pubmed/26033180
http://doi.org/10.1016/j.ejca.2016.01.006
http://doi.org/10.2106/JBJS.17.00057
http://doi.org/10.1007/s11999.0000000000000104
http://doi.org/10.1007/s11999.0000000000000243
http://doi.org/10.1302/0301-620X.101B2.BJJ-2018-0907.R2
http://doi.org/10.1186/s12957-016-1034-y
http://www.ncbi.nlm.nih.gov/pubmed/27809843
http://doi.org/10.1016/S2213-8587(17)30138-9
http://doi.org/10.1056/NEJMoa0809003
http://www.ncbi.nlm.nih.gov/pubmed/19671656
http://doi.org/10.1200/JCO.2010.31.3304
http://www.ncbi.nlm.nih.gov/pubmed/21343556
http://doi.org/10.1186/s12885-020-07739-8
http://doi.org/10.1016/j.jbo.2022.100417
http://doi.org/10.3892/ol.2016.5246
http://doi.org/10.1111/os.12561
http://doi.org/10.7759/cureus.291
http://www.ncbi.nlm.nih.gov/pubmed/26251767
http://doi.org/10.1016/j.jhsa.2015.03.018
http://doi.org/10.1200/JCO.2012.46.4255
http://www.ncbi.nlm.nih.gov/pubmed/23509309
http://doi.org/10.1097/MPH.0000000000000034
http://www.ncbi.nlm.nih.gov/pubmed/24072245
http://doi.org/10.13107/jocr.2020.v10.i02.1706
http://www.ncbi.nlm.nih.gov/pubmed/32953662
http://doi.org/10.1016/j.spinee.2014.02.019
http://doi.org/10.1097/BRS.0000000000001350
http://www.ncbi.nlm.nih.gov/pubmed/27244112
http://doi.org/10.1155/2013/496351

Cancers 2022, 14, 2290 22 of 22

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Yamaga, K.; Kuwamoto, S.; Mukunoki, D.; Osaki, M.; Nagashima, H. Successful Treatment with Denosumab of a Giant Cell
Tumor of Bone in the Iliac Bone of an 84-Year-Old Man. Yonago Acta Medica 2020, 63, 228-233. [CrossRef]

Yamagishi, T.; Kawashima, H.; Ogose, A.; Sasaki, T.; Hotta, T.; Inagawa, S.; Umezu, H.; Endo, N. Disappearance of giant cells and
presence of newly formed bone in the pulmonary metastasis of a sacral giant-cell tumor following denosumab treatment: A case
report. Oncol. Lett. 2015, 11, 243-246. [CrossRef]

Yonezawa, N.; Murakami, H.; Kato, S.; Takeuchi, A.; Tsuchiya, H. Giant cell tumor of the thoracic spine completely removed by
total spondylectomy after neoadjuvant denosumab therapy. Eur. Spine J. 2017, 26, 236-242. [CrossRef] [PubMed]

Zhao, Y.; Cai, Z.; Tang, X.; Du, Z.; Yang, Y.; Guo, W. Preoperative Denosumab may increase the Risk of Local Recurrence of
Giant-cell Tumor of Bone Treated with Curettage: A Systematic Review and Meta-analysis. J. Cancer 2021, 12, 508-517. [CrossRef]
Ross, A.E.; Bojescul, J.A.; Kuklo, T.R. Giant Cell Tumor. Spine 2005, 30, E332-E335. [CrossRef] [PubMed]

Wojcik, J.; Rosenberg, A.E.; Bredella, M.A.; Choy, E.; Hornicek, EJ.; Nielsen, G.P.; Deshpande, V. Denosumab-treated Giant Cell
Tumor of Bone Exhibits Morphologic Overlap With Malignant Giant Cell Tumor of Bone. Am. J. Surg. Pathol. 2016, 40, 72-80.
[CrossRef]

Santosh, N.; Mayerson, J.L.; Iwenofu, O.H. Pseudosarcomatous Spindle Cell Proliferation With Osteoid Matrix Mimicking
Osteosarcoma. Appl. Immunohistochem. Mol. Morphol. 2016, 24, e18—e19. [CrossRef] [PubMed]

Aponte-Tinao, L.A.; Piuzzi, N.S.; Roitman, P,; Farfalli, G.L. A High-grade Sarcoma Arising in a Patient With Recurrent Benign
Giant Cell Tumor of the Proximal Tibia While Receiving Treatment With Denosumab. Clin. Orthop. Relat. Res. 2015, 473, 3050-3055.
[CrossRef]

Broehm, C.J.; Garbrecht, E.L.; Wood, J.; Bocklage, T. Two Cases of Sarcoma Arising in Giant Cell Tumor of Bone Treated with
Denosumab. Case Rep. Med. 2015, 2015, 767198. [CrossRef]

Gaston, C.L.; Grimer, R].; Parry, RM.A.; Stacchiotti, S.; Tos, A.P.D.; Gelderblom, H.; Ferrari, S.; Baldi, G.G.; Jones, R.L.;
Chawla, S.; et al. Current status and unanswered questions on the use of Denosumab in giant cell tumor of bone. Clin. Sarcoma
Res. 2016, 6, 15. [CrossRef] [PubMed]

Palmerini, E.; Chawla, N; Ferrari, S.; Sudan, M.; Picci, P.; Marchesi, E.; Leopardi, M.P; Syed, I.; Sankhala, K.; Parthasarathy, P; et al.
Denosumab in advanced /unresectable giant-cell tumour of bone (GCTB): For how long? Eur. ]J. Cancer 2017, 76, 118-124.
[CrossRef]

Rutkowski, P.; Gaston, L.; Borkowska, A.; Stacchiotti, S.; Gelderblom, H.; Baldi, G.G.; Palmerini, E.; Casali, P.; Gronchi, A.;
Parry, M.; et al. Denosumab treatment of inoperable or locally advanced giant cell tumor of bone—Multicenter analysis outside
clinical trial. Eur. J. Surg. Oncol. (EJSO) 2018, 44, 1384-1390. [CrossRef]

Gerrand, C.; Athanasou, N.; Brennan, B.; Grimer, R.; Judson, I.; Morland, B.; Peake, D.; Seddon, B.; Whelan, J.; on behalf of the
British Sarcoma Group. UK guidelines for the management of bone sarcomas. Clin. Sarcoma Res. 2016, 6, 7. [CrossRef]
Brodowicz, T.; Hemetsberger, M.; Windhager, R. Denosumab for the treatment of giant cell tumor of the bone. Futur. Oncol. 2015,
11, 1881-1894. [CrossRef]

Federman, N.; Brien, E.W.; Narasimhan, V.; Dry, S.M.; Sodhi, M.; Chawla, S.P. Giant Cell Tumor of Bone in Childhood: Clinical
Aspects and Novel Therapeutic Targets. Pediatr. Drugs 2013, 16, 21-28. [CrossRef] [PubMed]

Matcuk, G.R; Patel, D.B.; Schein, A.J.; White, E.A.; Menendez, L.R. Giant cell tumor: Rapid recurrence after cessation of long-term
denosumab therapy. Skelet. Radiol. 2015, 44, 1027-1031. [CrossRef] [PubMed]

Huang, P.-H.; Lee, C.-C.; Chang, P-Y.; Shih, Y.-H.; Yen, Y.-S. Giant cell tumor of the sphenoid bone occurring during pregnancy:
Successful tumor extirpation via endoscopic transnasal transsphenoidal surgery. Clin. Neurol. Neurosurg. 2013, 115, 222-226.
[CrossRef]

Kathiresan, A.S.Q.; Johnson, ].N.; Hood, B.J.; Montoya, S.P.; Vanni, S.; Gonzalez-Quintero, V.H. Giant Cell Bone Tumor of the
Thoracic Spine Presenting in Late Pregnancy. Obstet. Gynecol. 2011, 118, 428-431. [CrossRef] [PubMed]


http://doi.org/10.33160/yam.2020.08.013
http://doi.org/10.3892/ol.2015.3858
http://doi.org/10.1007/s00586-017-5086-7
http://www.ncbi.nlm.nih.gov/pubmed/28396950
http://doi.org/10.7150/jca.50575
http://doi.org/10.1097/01.brs.0000166620.57338.97
http://www.ncbi.nlm.nih.gov/pubmed/15959356
http://doi.org/10.1097/PAS.0000000000000506
http://doi.org/10.1097/PAI.0000000000000165
http://www.ncbi.nlm.nih.gov/pubmed/25789537
http://doi.org/10.1007/s11999-015-4249-2
http://doi.org/10.1155/2015/767198
http://doi.org/10.1186/s13569-016-0056-0
http://www.ncbi.nlm.nih.gov/pubmed/27651889
http://doi.org/10.1016/j.ejca.2017.01.028
http://doi.org/10.1016/j.ejso.2018.03.020
http://doi.org/10.1186/s13569-016-0047-1
http://doi.org/10.2217/fon.15.94
http://doi.org/10.1007/s40272-013-0051-3
http://www.ncbi.nlm.nih.gov/pubmed/24114694
http://doi.org/10.1007/s00256-015-2117-5
http://www.ncbi.nlm.nih.gov/pubmed/25712768
http://doi.org/10.1016/j.clineuro.2012.04.028
http://doi.org/10.1097/AOG.0b013e31821081a2
http://www.ncbi.nlm.nih.gov/pubmed/21768843

	Pathophysiology and Diagnostics of Giant Cell Tumor of Bone 
	Bone Microenvironment 
	Giant Cell Tumor of Bone 
	GCTB Imaging 

	Treatment Overview 
	Surgical Management of GCTB 
	Denosumab in Multidisciplinary Medical Management of GCTB 
	Early Evidence of Denosumab Outside GCTB 
	Early Evidence in GCTB 
	Denosumab Current Clinical Indications in GCTB 
	Progression to High-Grade Sarcoma 
	Future Considerations and Unknowns 
	Dosing Regimen and Treatment Duration 
	Side Effects of Denosumab 
	Long-Term Effects, Pregnancy, and Children 
	Treatment Discontinuation 
	New Targets for Systemic Therapy and Biomarkers 


	Conclusions 
	References

