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Abstract: Patients with non-small cell lung cancer (NSCLC) develop bone metastasis (BoM) in more
than 50% of cases during the course of the disease. This metastatic site can lead to the development
of skeletal related events (SREs), such as severe pain, pathological fractures, spinal compression,
and hypercalcemia, which reduce the patient’s quality of life. Recently, the treatment of advanced
NSCLC has radically changed due to the advent of immunotherapy. Immune checkpoint inhibitors
(ICI) alone or in combination with chemotherapy have become the main therapeutic strategy for
advanced or metastatic NSCLC without driver gene mutations. Since survival has increased, it has
become even more important to treat bone metastasis to prevent SRE. We know that the presence
of bone metastasis is a negative prognostic factor. The lower efficacy of immunotherapy treatments
in BoM+ patients could be induced by the presence of a particular immunosuppressive tumor and
bone microenvironment. This article reviews the most important pre-clinical and clinical scientific
evidence on the reasons for this lower sensitivity to immunotherapy and the need to combine bone
target therapies (BTT) with immunotherapy to improve patient outcome.

Keywords: bone metastasis; immunotherapy; immune checkpoint inhibitors; microenvironment;
non-small cell lung cancer (NSCLC)

1. Introduction

Lung cancer is the leading cause of cancer-related death [1]. In recent years, there has
been an improvement in cancer biology and immune system knowledge. In particular,
the treatment of non-small cell lung cancer (NSCLC) has radically changed due to the
introduction of new molecules with a molecular target and the advent of immunother-
apy. Immune checkpoint inhibitors (ICIs), which target programmed-death 1 (PD1) and
PD-ligand (PD-L1), either used alone or in combination with chemotherapy have become
the main therapeutic strategies for advanced or metastatic NSCLC without driver gene
mutations [2,3]—since progression free survival (PFS) and overall survival (OS) has im-
proved. Nivolumab, atezolizumab, and pembrolizumab are recommended options for
patients who progress after platinum-doublet chemotherapy. The Food and Drug Adminis-
tration (FDA) approved nivolumab for this indication in October 2015 and atezolizumab
in October 2016. Pembrolizumab received FDA approval for this indication in October
2015 with a limitation for PD-L1 positive tumors (with the accompained diagnostic IHC
22C3 pharmaDX test). As of today, pembrolizumab alone is the standard first-line therapy
for patients with PD-L1 expression >50% (FDA approval in October 2016), whereas pem-
brolizumab plus platinum-base chemotherapy is the treatment of choice for patients with
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PDL-L1 < 50% (FDA approval for non-squamous NSCLC in May 2017 and for squamous in
October 2018). Recently (May 2020) nivolumab plus ipilimumab, given with two cycles
of platinum-doublet chemotherapy, was approved by the FDA as a first-line treatment for
metastatic NSCLC regardless of histology and PD-L1 expression.

Recently, some clinical factors, such as performance status and metastatic sites, emerged
as potential predictors for immunotherapy efficacy [4–6]. In this narrative review, we
pointed out the impact of bone metastatic site.

The incidence of bone metastasis in NSCLC varies—according to the studies taken
into consideration—ranging from 20% to more than 60%. Thanks to the improvement
of diagnostic techniques (e.g., PET-CT scan) associated with increased survival, the in-
cidence of bone metastasis seems to be increased. In fact, 20–30% of NSCLC patients
have bone metastasis at diagnosis and a further 35–40% of cases develop bone metastasis
during the course of their disease [7,8]. We know that this metastatic site can lead to the
development of skeletal related events (SREs), such as severe pain, pathological fractures,
spinal compression, and hypercalcemia, all of which reduce the patient’s quality of life and
performance status [9]. Bone metastasis usually indicates a poor prognosis for patients
with lung cancer [10].

In the last decades, evidence has been published that indicates that bone marrow also
functions in regulating the immune system and trafficking immune cells (regulatory T
cells, T cells, B cells, dendritic cells, natural killer T cells, myeloid-derived suppressor cells,
and mesenchymal stem cells) [11]. Bone marrow, therefore, can be considered an immune
system regulator and could potentially influence the response to immunotherapy. This is
the new concept of osteoimmuno-oncology (OIO), which refers to interactions between
bone, immune, and tumor cells in the bone metastatic microenvironment [12].

To our knowledge, however, none of the previous randomized control trials have ever
evaluated the impact of bone involvement in patients treated with immune checkpoint
inhibitors nor stratified patients based on bone metastasis. Only about 1% (6/561) of publi-
cations with approved immunotherapies in breast, prostate, lung cancer, and melanoma
patients report results on bone metastasis. Thus, the impact of BoM on ICI treatment has
remained poorly studied. It was found that the tumor and bone microenvironment play an
important role. Several studies [6,13–15] suggest that bone involvement may be a negative
prognostic factor and the presence of BoM could be predictive of a poor response to ICIs.

In the last few years, it has also been hypothesized that the interaction between the
tumor, the immune system, and the bone may occur through the presence of extracellular
vesicles (EVs) that carry information through the bloodstream.

The aims of this narrative review are: (1) describe the biological theories concerning the
microenvironment of bone metastasis and the interaction between bone, the immune sys-
tem, and neoplastic cells; (2) discuss the published clinical data of patients with NSCLC and
bone metastasis treated with immunotherapy (alone or in combination with chemotherapy
and/or bone-targeted therapy); and (3) discuss new perspectives in the field of osteoim-
munoncology.

2. Bone Metastasis and Microenvironment

To understand the new biological theories underlying NSCLC bone metastasis and the
role of the microenvironment, we carefully selected articles—principally, pre-clinical review
articles—on the PubMed search engine using the following terms: “bone metastasis and
microenvironment”, “bone metastasis in lung cancer”, “osteoimmunoncology”, “immune
checkpoint inhibitors and bone metastasis”, “osteoimmunology”, “crosstalk bone and
immune cells”, and “extracellular vesicles and bone metastasis”.

Bone has a special immune microenvironment that is different from that of other
organs. Pre-clinical studies have shown that bone is a particularly immunocompromised
area. Most of the immune cells in the bone marrow are unable to control the proliferation of
cancer cells. This is due to the presence of numerous immature and inhibitory immune cells
in the premetastatic niche [11,16]. Furthermore, inside the bone marrow, the proportion of
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T cells is less than 5% (in peripheral blood 45–75%) and natural killer cells represent only
1–2% of lymphocytes.

About 40% of non-cytotoxic immune cells are regulatory T cells (Tregs) [17]. Other
important cells with immunosuppressive activity are present in bone, such as myeloid-
derived suppressor cells (MDSCs), which inhibit CD4 + T cells, CD8 + T cells, and NK
cells [18]. In short, bone can be considered an immuno-privileged niche for disseminated
cancer cells.

We know that the differentiation of pre-osteoblasts into osteoclasts occurs through
cytokines derived from the immune system, such as macrophage colony-stimulating factor
(M-CSF), interleukins (IL), transforming grow factor beta (TGF-beta), prostaglandins, and
interferon gamma. Conversely, bone cells regulate immune cells by creating the so-called
“endosteal niche” [19,20].

Tumor cells themselves release cytokines, which break the balance between osteoblasts
and osteoclasts, thereby causing bone resorption and creating an immunosuppressive
microenvironment—the so-called “vicious cycle” [19,21] (Figure 1). Cancer cells, in fact,
secrete parathyroid hormone-related peptide (PTHrP), prostaglandin E2 (PGE2), and other
substances that promote the transformation of osteoblasts into pre-osteoclasts through
the receptor-activator of nuclear kappaB ligand (RANKL) pathway, which then promotes
differentiation into osteoclasts, causing bone destruction.

Tumors induce the release of chemokine (C-C motif) ligand 2 (CCI2) from pre-osteoclasts
through the PD-1 pathway, which again promotes the formation of osteoclasts by RANKL
pathway. So, hypothetically, the action of an anti-RANK antibody such as denosumab could
act at this level to break the “vicious cycle”.

Wang et al. [22], in a mouse model of BoM+ lung cancer, had shown that PD-L1
and CCl2 were upregulated and PD-L1 induced osteoclastogenesis. The action of im-
munotherapy with anti-PD1 or anti-PDL1 drugs could act at this level, blocking the
transformation of osteoclast precursor cells in mature osteoclasts. The authors suggest
that nivolumab could prevent bone destruction and could alleviate bone cancer pain by
suppressing osteoclastogenesis.

Osteoclasts secrete indoleamine 2,3-dioxygenase-1 (IDO1), interleukin 10 (IL 10), and
other substances that induce immunosuppression (Figure 1). The release of transforming
growth factor-beta (TGF-beta) due to bone resorption and interleukin 6 (IL6) create an
immunosuppressive microenvironment as T cells differentiate into T helper 17 (Th17) and
Treg instead of T helper 1 (Th1). This imbalance creates an immune-hostile (cold) tumor
microenvironment (TME). Th17 lymphocytes secrete interleukin 17 (IL17) and interferon-
gamma (INF-gamma), which again promote osteoclast differentiation.

An important role in this “vicious cycle” is also played by cancer-associated fibrob-
lasts (CAF), which can induce an immunosuppressive microenvironment through PD-1
upregulation and TGF-beta secretion [23] (Figure 1).

Naturally, the RANKL-RANK-OPG (osteoprotegerin) pathway remains the central
mechanism of osteolytic metastasis [24,25]. Since RANKL is also expressed in immuno-
cells such as NK and T cells, the RANK/OPG balance regulates lymphocyte development
in the lymph nodes, maintains dendritic cell activation, and regulates the mediated T
response [26]. Recently, the role of soluble RANKL has also been discovered. It can
exert a chemotactic activity of the tumor cells in the bone without the involvement of the
osteoclasts [24].

In recent years, therefore, the RANKL pathway is considered the link between the
bone and the immune system and could be considered a target for improving the efficacy
of ICI therapy, as mentioned before [16].

The news that has emerged in terms of the interaction between the tumor and the
distant site of metastasis relates to the discovery of extracellular vesicles (EVs) [27]. These
carry important information that would induce the formation of a pre-metastatic bone niche.
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Figure 1. Interaction among the bone, immune system, and cancer cells. CAF: cancer-associated fi-
broblasts; CAECs: cancer associated endothelial cells; Th: T helper; Treg: regulatory T cells; PD-1: 
programmed-death 1; PD-L1: PD-ligand (PD-L1); CTLA4: cytotoxic T lymphocyte-associated pro-
tein 4; RANK: receptor-activator of nuclear kappaB; RANKL: receptor-activator of nuclear kappaB 
ligand; PTHrP: parathyroid hormone-related peptide; PGE2: prostaglandin E2; CCL2: chemokine 
(C-C motif) ligand 2; IDO–1: indoleamine 2,3-dioxygenase-1; IL: interleukin; TGF-beta: transform-
ing growth factor-beta; IFN-gamma: interferon-gamma; TDE: tumor derived exosome; EVs: extra-
cellular vesicles. 
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engine using the following terms: “bone metastasis in lung cancer”, “osteoimmunoncol-
ogy”, “immune checkpoint inhibitors and bone metastasis NSCLC”, “pembrolizumab 
and bone metastasis”, “nivolumab and bone metastasis”, “atezolizumab and bone me-

Figure 1. Interaction among the bone, immune system, and cancer cells. CAF: cancer-associated
fibroblasts; CAECs: cancer associated endothelial cells; Th: T helper; Treg: regulatory T cells; PD-1:
programmed-death 1; PD-L1: PD-ligand (PD-L1); CTLA4: cytotoxic T lymphocyte-associated protein
4; RANK: receptor-activator of nuclear kappaB; RANKL: receptor-activator of nuclear kappaB ligand;
PTHrP: parathyroid hormone-related peptide; PGE2: prostaglandin E2; CCL2: chemokine (C-C motif)
ligand 2; IDO–1: indoleamine 2,3-dioxygenase-1; IL: interleukin; TGF-beta: transforming growth
factor-beta; IFN-gamma: interferon-gamma; TDE: tumor derived exosome; EVs: extracellular vesicles.

Extracellular vesicles secreted by tumor cells and containing immunosuppressive
molecules such as PD-L1 and TGF-beta can be immune escape mediators and may be a
possible target for immunotherapy. We know that the PD-L1 secreted by tumor-derived
exosomes (TDEs) suppress the activation of T cells in the lymph nodes and promote
distant tumor proliferation [28]. While anti-PD-L1 therapy is effective in reducing the
immunosuppressive effect on PD-L1 expressing cells, the effect on PD-L1 of TDEs is poor,
which may explain why an anti-PD1/PD-L1 therapy is ineffective in some tumors with
high PD-L1 expression [29,30] (Figure 1). Nevertheless, to our knowledge, there are no
definitive studies on the role of TDEs on bone metastasis; it seems plausible that EVs could
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impact the efficacy of ICIs in patients with BoM. Other authors hypothesize that exosomes
may be involved in the “vicious cycle” by transferring miR-214. This miRNA promotes
osteoclast differentiation and mediates intercellular communication between osteoclasts
and osteoblasts though an exosomal mechanism [31].

EVs are also involved in the regulation of bone balance. In fact, EVs arising from
mature osteoclasts contained RANK. The RANK in EVs may be associated with osteoclast
inhibition [32]. Other authors observed that NSCLC-exosomes containing amphiregulin
induce EGFR pathway activation in pre-osteoclasts, which in turn causes an increased
expression of RANKL [33]. As known, RANKL induces the expression of proteolytic
enzymes, triggering a “vicious cycle” in osteolytic bone metastasis.

3. Bone Metastasis in NSCLC Treated with Immune Checkpoint Inhibitors

To our knowledge, the impact of all the biological theories listed so far has not been
studied in randomized trials, but several retrospective and small prospective data on
patients with bone metastasis treated with ICIs are now emerging. We have carefully
selected articles, principally regarding clinical observational trials, on the PubMed search
engine using the following terms: “bone metastasis in lung cancer”, “osteoimmunoncol-
ogy”, “immune checkpoint inhibitors and bone metastasis NSCLC”, “pembrolizumab
and bone metastasis”, “nivolumab and bone metastasis”, “atezolizumab and bone metas-
tasis”, “nivolumab plus ipilimumab and bone metastasis”, and “bone-targeted therapy
and immunotherapy”.

The results of these studies are not always consistent with each other, as is often the
case when comparing retrospective or small prospective studies.

Most of the trials would support the hypothesis that NSCLC patients treated with
immunotherapy would have a worse prognosis, probably due to the presence of an unfa-
vorable bone microenvironment, as previously mentioned.

One of the first published studies on the concomitant use of immunotherapy and
denosumab was the 2018 Liede’s trial [34]. This was an observational study that used Flat-
iron Health’s HER database from 255 US cancer clinics and included advanced melanoma
(n = 66) and NSCLC patients (n = 241) who received denosumab within 30 days of CTLA4
(ipilimumab) or PD1 (pembrolizumab, nivolumab) inhibitors (in NSCLC cohort only 21.6%
treated in first-line). The most interesting result of the study is that longer concomitant
therapy was associated with increased overall survival, primarily in NSCLC (p < 0.0001).

In Zhu’s retrospective Chinese study, a total of 144 NSCLC patients treated with
ICI-based strategies from January 2018 to September 2020 were included (59 BoM+ and
78 BoM−) [35]. ICI monotherapy was performed in 27.8% of patients and ICIs com-
bined with chemotherapy/antiangiogenesis was performed in 72.2%. About 40% were
treated as first-line. In the multivariate cox regression analysis, the bone metastasis (HR
3.44, 95% CI: 1.97–6.00, p < 0.001) as well as ICI monotherapy (HR 1.88, 95% CI: 1.12–3.16,
p = 0.018) were independently associated with poorer PFS after ICI-based treatment. Similar
results were also obtained in the multivariate cox regression for overall survival (HR 3.24,
95% CI: 1.62–6.50 for patients with BoM and HR 2.37, 95% CI: 1.25–4.46 for ICI monother-
apy). Another interesting finding was that among the 59 patients with bone metastasis,
patients treated with a combination therapy (ICIs + chemotherapy/antiangiogenesis) had a
significantly better PFS and OS than those treated with monoimmunotherapy. Only 49%
(29 patients) were treated with bisphosphonates. The use of bisphosphonates during ICI
treatment significantly prolonged PFS (5.1 vs. 2.1 months, p = 0.0039) and OS (17.7 vs.
4.4 months, p = 0.02).

Similar results were also seen in other clinical trials. For example, in another Chinese
retrospective study, a total of 204 NSCLC patients who received ICI-based treatment from
July 2015 to June 2019 were included [36]. Overall, 103 of these patients received ICI
monotherapy and 101 ICIs combined with chemotherapy or anti-angiogenesis agents.
The study showed a worsening of PFS (4.2 vs. 6.7 months, p = 0.0484) and OS (12.5 vs.
23.9 months, p = 0.0036) only in the BoM + patients treated with the immunotherapy alone,
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while there were no significant differences between BoM+ and BoM− patients treated
with ICIs associated with chemotherapy. The addition of bone therapies, such as palliative
bone radiation (12.5 vs. 16.7 months, p = 0.487) and bisphosphonates (12.5 vs. 9.7 months,
p = 0.568), did not affect OS.

In the Italian study on pretreated NSCLC patients included in the nivolumab expanded
access program (EAP), it was confirmed that both PFS and OS in BoM+ patients were
reduced regardless of histology [15]. The Italian EAP was a prospective, single-arm, open-
label trial conducted in 153 centers from April 2015 to September 2016. In non-squamous
patients (1588 total patients), OS was 7.4 months for BoM+ and 15.3 months for BoM−
(p < 0.0001). In the squamous patient cohort (371 total patients), OS was 5.0 months for
BoM+ and 10.9 months for BoM− (p < 0.001). In a multivariate analysis, the presence of BoM
was independently associated with an increased risk of death (HR 1.5 95% CI: 1.39–1.93
for non-squamous, HR 1.78 95% CI: 1.37–2.31 for squamous). The authors concluded that
BoM impairs immunotherapy efficacy, and that accurate bone staging should be included
in clinical trials with immunotherapy. Unfortunately, in this large study there was no data
on a concomitant use of bone targeted therapy (BTT).

In 2022, a retrospective study exploring the efficacy of pembrolizumab alone or in
combination therapy in 110 advanced NSCLC BoM+ patients was published [37]. The
trial was conducted from July 2017 to July 2020. Fifty-eight patients (52.7%) received
pembrolizumab as a first-line treatment and 52 patients (47.3%) as subsequent lines. The
addition of bone therapy, including palliative bone radiotherapy and bone-targeted therapy,
increased ORR (34.9% vs. 11.1%, p < 0.0001) and prolonged PFS (8.5 vs. 2.0 months,
p = 0.002). ORR and PFS were significantly improved when bone therapy is combined with
pembrolizumab therapy (monotherapy or combination). In particular, BTT alone improved
ORR (34.7% vs. 18.4%, p = 0.005) and prolonged PFS (8.8 vs. 3.3 months, p = 0.003), while
palliative bone radiotherapy did not show an increase in either response or survival. The
difference in ORR is even greater when bone therapy is added to patients treated with
pembrolizumab alone in the first-line (monotherapy 71.4% vs. 25%; combo 43.6% vs. 12.5%).

The retrospective analysis of data on 111 NSCLC patients extrapolated from the
prospective Italian register of bone metastasis (BMDB) (from 2014 to 2020) confirmed, de-
spite a limited number of patients treated with ICIs (n = 46), that the use of BTT (30 patients)
with ICI monotherapy increases OS from 15.8 months to 21.8 months [38]. Regarding the
response on bone evaluated with the MD Anderson criteria, 43.5% of patients obtained a
partial response following ICIs plus BTT, while the same response was obtained in only
16.7% of patients treated with ICIs alone. Although not statistically significant, another
interesting finding was that patients receiving denosumab had better PFS than patients
treated with ICIs alone or with zoledronic acid. Denosumab worked quickly, while the
zoledronic acid worked after at least 6 months.

Another small Japanese retrospective study of 29 patients treated with ICIs from 2016
to 2019 was recently published and confirmed that all patients who were in complete or
partial response were treated with the combination of pembrolizumab and denosumab [39].

We have summarized the results of the previous studies cited in Table 1.
These data suggest that targeting the microenvironment to improve immunotherapy

efficacy is a strategy that could be successful.
Several reported data, therefore, support the hypothesis that BTTs increase the activity

of ICIs and reverse the negative impact of BoM. Of course, these data would be confirmed
in prospective randomized clinical trials.

As pointed out in the previous chapter, the clinical data of these studies could be
explained through the “vicious cycle” theory and the presence of an immunosuppressive
microenvironment at the bone and primary tumor level (Figure 1). In particular, the release
of bone resorption cytokines, such as TGF-beta, increases Th17 suppressor lymphocytes
and reduces Th1 effector lymphocytes, creating a cold microenvironment at the level of the
primary tumor.

It is not surprising, therefore, that ICIs may be less effective in BoM+ patients.
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Table 1. The impact of ICI alone, in combination with chemotherapy (CT-ICI), or bone targeted
therapy (BTT), according to different studies. ORR: overall response rate; PFS: progression free
survival; OS: overall survival; ↑ increased; ↓ decreased; NV: not evaluable; NR: non reported; * only
in patients treated with denosumab.

Bone Metastasis (BoM)+

Studies ICI Alone CT-ICI
ICI

(Mono or Combo)
+BTT

ORR PFS OS ORR PFS OS ORR PFS OS

Liede A
[35] NV NV NV NV NV NV ↑ NR ↑

Zhu Y
[36] NR ↓ ↓ NR ↑ ↑ NR ↑ ↑

Li X [37] = ↓ ↓ = = = NR = =

Landi L
[15] ↓ ↓ ↓ NV NV NV NV NV NV

Qiang H
[38] NV ↓ ↓ NV ↑ ↑ ↑ ↑ =

Bongiovanni
A [39] ↓ = ↓ NV NV NV ↑ ↑ * ↑

Asano Y
[40] ↓ ↓ ↓ NV NV NV ↑ NR ↑

4. Discussion and Future Perspectives

While the majority of breast and prostate cancer patients with bone metastasis are
treated with bone targeted therapy, currently only about 50–60% of patients with NSCLC are
treated with bone-specific drugs [7,14]. This is due to the fact that, until a few years ago, the
prognosis was so severe that it, unfortunately, dissuaded oncologists from prescribing BTT.
With the introduction of molecular therapies—but, above all, of immunotherapy—survival
has significantly increased. This change of scenario has therefore led to a conceptual shift.
First, with the survival gain, the likelihood of developing bone metastasis during the
course of the disease also increases. Consequently, more patients may experience SREs.
As is known, SREs have a negative impact on the quality of life, so it is necessary to treat
most patients with bone resorptive drugs. The second point directly concerns the greater
knowledge of the close interconnection between bone marrow and the immune system.
In this context, in fact, osteoimmuno-oncology has developed and has hypothesized that
adequate treatment of patients with BoM+ and ICI is not only possible but is essential to
guarantee them an increase in ORR, PFS, and OS. For these reasons, we believe that there
is, or should be, a therapeutic shift in these patients.

The pre-clinical data reported are the result of studies on cellular interactions and
pathways involved in the development of osteolytic bone metastasis mainly of breast
cancer. Although there are fewer studies in NSCLC, these models are likely to be valid. It
is confirmed that the RANK-RANKL pathway is the main pathway responsible for bone
resorption. At the same time, more and more evidence demonstrates a close interplay
between bone marrow and the immune system (Figure 1). In fact, one system regulates
the other.

Therapy with immune checkpoint inhibitors fits into this context. The data available
so far demonstrate that bone metastasis is an independent prognostic factor with poor
outcomes in patients treated with immunotherapy. In view of the retrospective nature of the
clinical data available to us, or the small prospective data, it is clear that there are modest
discrepancies in the prognostic impact of ICIs and BTT in these patients. However, most of
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the trials indicate that the effectiveness of immunotherapy, especially when considered as
monotherapy, could be modulated by the tumor and bone microenvironment.

More and more data support the idea that a hostile (cold) tumor microenvironment is
created in patients with BoM+, which would reduce the effectiveness of immunotherapy.
Some authors believe that the use of bone therapy, in particular bone target therapies,
could reverse the resistance to immunotherapy by breaking the “vicious cycle” (Figure 1).
Theoretically, an anti-RANK therapy associated with ICIs could be more synergistic. It
is clear that larger prospective clinical studies are needed to confirm the hypothesis that
emerged from some retrospective studies.

The clinical studies presented, in fact, have important limits due to the retrospective na-
ture, the sample size of each single study, and the heterogeneity of patients included (first line,
subsequent lines, ICI associated or not with other chemotherapeutic/antiangiogenic drugs).
The scope of the association of palliative bone radiation therapy with ICIs in BoM+ patients
should also be explored with dedicated prospective studies.

Due to a “cold” TME, patients with BoM may benefit little from the combination of
different types of immunotherapies, since ICIs require the presence of effector lymphocytes
at the TME level to be effective. While there are drugs that allow the interruption of the
“vicious cycle”, transforming the TME from “cold” to “hot” could hypothetically be more
promising. For example, bisphosphonates or denosumab that inhibit osteoclast-mediated
bone resorption through the inhibition of the pathway of nuclear factor kappa-B ligand
receptor (RANKL) could be some of the options. Some chemotherapeutic agents are
also capable of reducing immunosuppressive Tregs and inducing apoptosis of myeloid
derived suppressor cells (MDSCs). Antiangiogenic drugs, normalizing vascularization,
and reducing tumor hypoxia can reduce the production of immunosuppressive cytokines
such as IL6, IL10, and IDO.

Thus, the combination of ICIs with chemotherapy, anti-angiogenesis, or bisphospho-
nates/denosumab could give therapeutic advantages to patients with BoM.

Based on new knowledge, new drug associations could be developed in the future.
Understanding osteoclast signaling in bone metastasis could help to identify new

targets for drug discovery [40], and there are currently drug candidates in different phases
of development that are targeting osteoclasts, such as SRC, DKK-1 (dickkopf WNT signaling
pathway inhibitor 1), and Sclerostin-targeting compounds [41]. Additionally, interactions
with other cell types in the bone metastatic microenvironment could potentially provide
new treatment options for bone metastasis [42].

One of the new options for the treatment of BoM is the transfer of gamma-delta T cells.
In some studies, mice with breast cancer and BoM+, gamma-delta T cell transfer reduced
tumor growth and osteolysis. Promising findings have also been demonstrated in a clinical
trial [43]. Another treatment option has been to combine zoledronic acid with IL-2 therapy,
which has now been tested in several metastatic tumors [44,45].

Other possible positive synergies between anti-CTLA-4 and denosumab and with
anti-PD-1 and denosumab have been observed in patients with melanoma BoM+ [46,47].

5. Conclusions

Bone is a special immune site with a unique immunosuppressive microenvironment.
Bone metastasis impairs immunotherapy efficacy, especially when used alone. Even it is
not true in all the trials, bone targeted therapies appear to have a synergistic effect when
used in combination with ICIs—maybe due to the interruption of the “vicious cycle”. This
action probably restores a less immunosuppressive (“cold” or “hostile”) tumor and bone
microenvironment. These promising outcomes have to be confirmed in larger prospective
trials—even better if randomized. In view of the new therapeutic scenario of NSCLC,
we believe that further studies on the significance of extracellular vesicles and on new
therapeutic approaches for bone metastasis are strongly recommended.



Int. J. Mol. Sci. 2022, 23, 6832 9 of 11

Author Contributions: A.D.C. conceived the review; A.D.C. provided data curation; A.D.C. wrote
the manuscript; E.D.C., E.B., B.S., M.B., A.R. and M.S. provided review and editing; A.D.C. and
A.B. supervised the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: The authors received no financial support for the research.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This work was supported by the Italian Ministry of Health (Ricerca Corrente);
non grant provided.

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

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistica, 2020: GLOBOCAN

estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

2. Doroshow, D.B.; Sanmamed, M.F.; Hastings, K.; Politi, K.; Rimm, D.L.; Chen, L.; Melero, I.; Schalper, K.A.; Herbst, R.S.
Immunotherapy in Non-Small Cell Lung Cancer: Facts and Hopes. Clin. Cancer Res. 2019, 25, 4592–4602. [CrossRef] [PubMed]

3. Pasello, G.; Pavan, A.; Attili, I.; Bortolami, A.; Menis, J.; Conte, P.; Guarneri, V. Real world data in the era of Immune Checkpoint
Inhibitors (ICIs): Increasing evidence and future applications in lung cancer. Cancer Treat. Rev. 2020, 87, 102031. [CrossRef]
[PubMed]

4. Botticelli, A.; Salati, M.; Di Pietro, F.R.; Strigari, L.; Cerbelli, B.; Zizzari, I.G.; Giusti, R.; Mazzotta, M.; Mazzuca, F.; Roberto, M.;
et al. A normogram to predict survival in non-small cell lung cancer patients treated with nivolumab. J. Transl. Med. 2019, 17, 99.
[CrossRef]

5. Tamiya, M.; Tamiya, A.; Inoue, T.; Kimura, M.; Kunimasa, K.; Nakahama, K.; Taniguchi, Y.; Shiroyama, T.; Isa, S.-I.; Nishino, K.;
et al. Metastatic site as predictor of nivolumab efficacy in patient with advanced non-small cell lung cancer: A retrospective
multicenter trial. PLoS ONE 2018, 13, e0192227. [CrossRef]

6. Schmid, S.; Diem, S.; Li, Q.; Krapf, M.; Flatz, L.; Leschka, S.; Desbiolles, L.; Klingbiel, D.; Jochum, W.; Früh, M. Organ-specific
response to nivolumab in patients with non-small cell lung cancer (NSCLC). Cancer Immunol. Immunother. 2018, 67, 1825–1832.
[CrossRef]

7. Santini, D.; Barni, S.; Intagliata, S.; Falcone, A.; Ferraù, F.; Galetta, D.; Moscetti, L.; La Verde, N.; Ibrahim, T.; Petrelli, F.; et al.
Natural History of Non-Small-Cell Lung Cancer with Bone Metastases. Sci. Rep. 2015, 5, 18670. [CrossRef]

8. Kuchuk, M.; Addison, C.L.; Clemons, M.; Kuchuk, I.; Wheatley-Price, P. Incidence and Consequences of Bone Metastases in Lung
Cancer Patients. J. Bone Oncol. 2013, 2, 22–29. [CrossRef]

9. Coleman, R.E. Metastatic bone disease: Clinical features, pathophysiology and treatment strategies. Cancer Treat. Rev. 2011, 27,
165–176. [CrossRef]

10. Shi, S.; Wang, H.; Liu, X.; Xiao, J. Prediction of overall survival of non-small cell lung cancer with metastasis: An analysis of the
Surveillance, Epidemiology and End Results (SEER) database. Transl. Cancer Res. 2021, 10, 5191–5203. [CrossRef]

11. Zhao, E.; Xu, H.; Wang, L.; Kryczek, I.; Wu, K.; Hu, Y.; Wang, G.; Zou, W. Bone marrow and the control of immunity. Cell. Mol.
Immunol. 2012, 9, 11–19. [CrossRef] [PubMed]

12. Kähkönen, T.E.; Halleen, J.M.; Bernoulli, J. Osteoimmuno-oncology: Therapeutic opportunities targeting immune cells in bone
metastasis. Cells 2021, 10, 1529. [CrossRef] [PubMed]

13. Qin, A.; Zhao, S.; Miah, A.; Wei, L.; Patel, S.; Johns, A.; Grogan, M.; Bertino, E.M.; He, K.; Shields, P.G.; et al. Bone metastases,
skeletal-related events, and survival in patients with metastatic non-small cell lung cancer treated with immune checkpoint
inhibitors. J. Natl. Compr. Cancer Netw. 2021, 19, 915–921. [CrossRef] [PubMed]

14. Da Silva, L.M.; da Silva, G.T.; Bergmann, A.; Costa, G.J.; Zamboni, M.M.; Santos Thuler, L.C. Impact of Different Patterns of
Metastasis in Non-Small-Cell Lung Cancer Patients. Future Oncol. 2021, 17, 775–782. [CrossRef] [PubMed]

15. Landi, L.; D’Incà, F.; Gelibter, A.; Chiari, R.; Grossi, F.; Delmonte, A.; Passaro, A.; Signorelli, D.; Gelsomino, F.; Galetta, D.; et al.
Bone Metastases and Immunotherapy in Patients with Advanced Non-Small Cell Lung Cancer. J. Immunother. Cancer 2019, 7, 316.
[CrossRef] [PubMed]

16. Gnoni, A.; Brunetti, O.; Longo, V.; Calabrese, A.; Calbi, R.; Antonio, G.S.; Licchetta, A. Immune system and microenvironment:
Rationale for targeted cancer therapies. Oncotarget 2020, 11, 480–487.

17. Zou, L.; Barnett, B.; Safah, H.; LaRussa, V.F.; Evdemon-Hogan, M.; Mottram, P.; Wei, S.; David, O.; Curiel, T.J.; Zou, W. Bone
morrow is a reservoir for CD4+CD25+ regulatory T cells that traffic through CXCL12/CXCR4 signal. Cancer Res. 2004, 64,
8451–8455. [CrossRef]

http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.1158/1078-0432.CCR-18-1538
http://www.ncbi.nlm.nih.gov/pubmed/30824587
http://doi.org/10.1016/j.ctrv.2020.102031
http://www.ncbi.nlm.nih.gov/pubmed/32446182
http://doi.org/10.1186/s12967-019-1847-x
http://doi.org/10.1371/journal.pone.0192227
http://doi.org/10.1007/s00262-018-2239-4
http://doi.org/10.1038/srep18670
http://doi.org/10.1016/j.jbo.2012.12.004
http://doi.org/10.1053/ctrv.2000.0210
http://doi.org/10.21037/tcr-21-1507
http://doi.org/10.1038/cmi.2011.47
http://www.ncbi.nlm.nih.gov/pubmed/22020068
http://doi.org/10.3390/cells10061529
http://www.ncbi.nlm.nih.gov/pubmed/34204474
http://doi.org/10.6004/jnccn.2020.7668
http://www.ncbi.nlm.nih.gov/pubmed/33878726
http://doi.org/10.2217/fon-2020-0587
http://www.ncbi.nlm.nih.gov/pubmed/33508966
http://doi.org/10.1186/s40425-019-0793-8
http://www.ncbi.nlm.nih.gov/pubmed/31752994
http://doi.org/10.1158/0008-5472.CAN-04-1987


Int. J. Mol. Sci. 2022, 23, 6832 10 of 11

18. Gabrilovich, D.I.; Ostrand-Rosenberg, S.; Bronte, V. Coordinated regulation of myeloid cells by tumors. Nat. Rev. Immunol. 2021,
12, 253–268. [CrossRef]

19. Liu, C.; Wang, M.; Xu, C.; Li, B.; Chen, J.; Chen, J.; Wang, Z. Immune Checkpoint inhibitor Therapy for Bone Metastases: Specific
Microenvironment and Current Situation. J. Immunol. Res. 2021, 2021, 8970173. [CrossRef]

20. Ponzetti, M.; Rucci, N. Updates on osteoimmunology: What’s new on cross-talk between bone and immune system. Front.
Endocrinol. (Lausanne) 2019, 10, 236. [CrossRef]

21. Gdowski, A.S.; Ranjan, A.; Vishwanatha, J.K. Current concepts in bone metastasis, contemporary therapeutic strategies and
ongoing clinical trial. J. Exp. Clin. Cancer Res. 2017, 36, 108. [CrossRef] [PubMed]

22. Wang, K.; Gu, Y.; Liao, Y.; Bang, S.; Donnelly, C.; Chen, O.; Tao, X.; Mirando, A.J.; Hilton, M.J.; Ji, R.-R. PD-1 blockade inhibits
osteoclast formation and murine bone cancer pain. J. Clin. Investig. 2020, 130, 3603–3620. [CrossRef] [PubMed]

23. Mukaida, M.; Zhang, D.; Sasaki, S.I. Emergence of cancer-associated fibroblast as independent cellular player in bone metastasis
process. Cancer 2019, 12, 2896. [CrossRef] [PubMed]

24. Okamoto, K. Role of RANKL in cancer development and metastasis. J. Bone Miner. Metab. 2021, 39, 71–81. [CrossRef] [PubMed]
25. Li, B.; Wang, P.; Jiao, J.; Wei, H.; Xu, W.; Zhou, P. Role of the RANKL-RANK Axis in Immunity—Implications for pathogenesis

and Treatment of Bone Metastasis. Front. Immunol. 2022, 13, 824117. [CrossRef]
26. Fujimura, T.; Kambayashi, Y.; Furudate, S.; Asano, M.; Kakizaki, A.; Aiba, S. Receptor activator of NF-kB ligand promotes the

production of CCL17 from RANK+ M2 macrophages. J. Investig. Dermatol. 2015, 135, 2884–2887. [CrossRef]
27. Urabe, F.; Patil, K.; Ramm, G.A.; Ochiya, T.; Soekmadji, C. Extracellular vesicles in development of organ-specific metastasis. J.

Extracell. Vesicles 2021, 10, e12125. [CrossRef]
28. Poggio, M.; Hu, T.; Pai, C.C.; Chu, B.; Belair, C.D.; Chang, A.; Montabana, E.; Lang, U.E.; Fu, Q.; Fong, L.; et al. Suppression of

exosomal PD-L1 induces systemic anti-tumor immunity and memory. Cell 2019, 177, 414–427.e13. [CrossRef]
29. Chen, G.; Huang, C.; Zhang, W.; Zhang, G.; Wu, M.; Xu, W.; Yu, Z.; Yang, J.; Wang, B.; Sun, H.; et al. Exosomal PD-L1 contributes

to immunosoppresion and is associated with anti-PD-1 response. Nature 2018, 560, 382–386. [CrossRef]
30. Theodoraki, M.N.; Yerneni, S.; Gooding, E.; Ohr, J.; Clump, D.A.; Bauman, J.E.; Ferris, R.L.; Whiteside, T.L. Circulating exosomes

measure responses to therapy in head and neck cancer patients treated with cetuximab, ipilimumab, and IMRT. Osteoimmunology
2019, 8, 1593805. [CrossRef]

31. Zhang, J.; Wu, J. The Potential Roles of Exosomal miR-214 in Bone Metastasis of Lung Adenocarcinoma. Front. Oncol. 2021, 10,
611054. [CrossRef] [PubMed]

32. Huynh, N.; VonMoss, L.; Smith, D.; Rahman, I.; Felemban, M.F.; Zuo, J.; Rody, W.J., Jr.; McHugh, K.P.; Holliday, L.S. Characteriza-
tion of regulatory extracellular vesicles from osteoclasts. J. Dent. Res. 2016, 95, 673–679. [CrossRef] [PubMed]

33. Taverna, S.; Pucci, M.; Giallombardo, M.; Di Bella, M.A.; Santarpia, M.; Reclusa, P.; Gil-Bazo, I.; Rolfo, C.; Alessandro, R.
Amphiregulin contained in NSCLC-exosomes induces osteoclast differentiation though the activation of EGFR pathway. Sci. Rep.
2017, 7, 3170. [CrossRef] [PubMed]

34. Liede, A.; Hernandez, R.K.; Wade, S.W.; Bo, R.; Nussbaum, N.C.; Ahern, E.; Dougall, W.C.; Smyth, M.J. Observational study
of concomitant immunotherapies and denosumab in patients with advanced melanoma or lung cancer. Oncoimmunology 2018,
7, e1480301. [CrossRef] [PubMed]

35. Zhu, Y.; Chang, X.; Zhou, R.; Chen, Y.-D.; Ma, H.-C.; Xiao, Z.-Z.; Qu, X.; Liu, Y.-H.; Liu, L.-R.; Li, Y.; et al. Bone metastasis
attenuates efficacy of immune checkpoint inhibitors and displays “cold” immune characteristics in Non-small cell lung cancer.
Lung Cancer 2022, 166, 189–196. [CrossRef]

36. Li, X.; Wang, L.; Chen, S.; Zhou, F.; Zhao, J.; Zhao, W.; Su, C. Adverse impact of bone metastases on clinical outcomes of patients
with advanced non-small cell lung cancer treated with immune checkpoint inhibitors. Thoracic Cancer 2020, 11, 2812–2819.
[CrossRef]

37. Qiang, H.; Lei, Y.; Shen, Y.; Li, J.; Zhong, H.; Zhong, R.; Zhang, X.; Chang, Q.; Lu, J.; Feng, H.; et al. Pembrolizumab monotherapy
or combination therapy for bone metastases in advanced Non-Small Cell Lung Cancer. Transl. Lung Cancer Res. 2022, 11, 87–99.
[CrossRef]

38. Bongiovanni, A.; Foca, F.; Menis, J.; Stucci, L.S.; Artioli, F.; Guadalupi, V.; Forcignanò, M.R.C.; Fantini, M.; Recine, F.; Mercatali,
L.; et al. Immune checkpoint inhibitors with or without bone-targeted therapy in NSCLC patients with bone metastasies and
prognostic significance of neutrophil-to-lymphocyte ratio. Front. Immunol 2021, 12, 697298. [CrossRef]

39. Asano, Y.; Yamamoto, N.; Demura, S.; Hayashi, K.; Takeuchi, A.; Kato, S.; Miwa, S.; Igarashi, K.; Higuchi, T.; Yonezawa, H.; et al.
The therapeutic effect and clinical outcome of immune checkpoint inhibitors on bone metastasis in advanced non-small-cell lung
cancer. Front. Oncol. 2022, 12, 871675. [CrossRef]

40. Györi, D.S.; Mócsai, A. Osteoclast Signal Transduction During Bone Metastasis Formation. Front. Cell Dev. Biol. 2020, 8, 507.
[CrossRef]

41. Hofbauer, L.C.; Bozec, A.; Rauner, M.; Jakob, F.; Perner, S.; Pantel, K. Novel approaches to target the microenvironment of bone
metastasis. Nat. Rev. Clin. Oncol. 2021, 18, 488–505. [CrossRef] [PubMed]

42. Clézardin, P.; Coleman, R.; Puppo, M.; Ottewell, P.; Bonnelye, E.; Paycha, F.; Confavreux, C.B.; Holen, I. Bone metastasis:
Mechanisms, therapies, and biomarkers. Physiol. Rev. 2021, 101, 797–855. [CrossRef] [PubMed]

43. Nicol, A.J.; Tokuyama, H.; Mattarollo, S.R.; Hagi, T.; Suzuki, K.; Yokokawa, K.; Nieda, M. Clinical evaluation of autologous
gamma delta T cell-based immunotherapy for metastatic solid tumours. Br. J. Cancer 2011, 105, 778–786. [CrossRef] [PubMed]

http://doi.org/10.1038/nri3175
http://doi.org/10.1155/2021/8970173
http://doi.org/10.3389/fendo.2019.00236
http://doi.org/10.1186/s13046-017-0578-1
http://www.ncbi.nlm.nih.gov/pubmed/28800754
http://doi.org/10.1172/JCI133334
http://www.ncbi.nlm.nih.gov/pubmed/32484460
http://doi.org/10.3390/cancers12102896
http://www.ncbi.nlm.nih.gov/pubmed/33050237
http://doi.org/10.1007/s00774-020-01182-2
http://www.ncbi.nlm.nih.gov/pubmed/33387063
http://doi.org/10.3389/fimmu.2022.824117
http://doi.org/10.1038/jid.2015.209
http://doi.org/10.1002/jev2.12125
http://doi.org/10.1016/j.cell.2019.02.016
http://doi.org/10.1038/s41586-018-0392-8
http://doi.org/10.1080/2162402X.2019.1593805
http://doi.org/10.3389/fonc.2020.611054
http://www.ncbi.nlm.nih.gov/pubmed/33614495
http://doi.org/10.1177/0022034516633189
http://www.ncbi.nlm.nih.gov/pubmed/26908631
http://doi.org/10.1038/s41598-017-03460-y
http://www.ncbi.nlm.nih.gov/pubmed/28600504
http://doi.org/10.1080/2162402X.2018.1480301
http://www.ncbi.nlm.nih.gov/pubmed/30524886
http://doi.org/10.1016/j.lungcan.2022.03.006
http://doi.org/10.1111/1759-7714.13597
http://doi.org/10.21037/tlcr-21-1033
http://doi.org/10.3389/fimmu.2021.697298
http://doi.org/10.3389/fonc.2022.871675
http://doi.org/10.3389/fcell.2020.00507
http://doi.org/10.1038/s41571-021-00499-9
http://www.ncbi.nlm.nih.gov/pubmed/33875860
http://doi.org/10.1152/physrev.00012.2019
http://www.ncbi.nlm.nih.gov/pubmed/33356915
http://doi.org/10.1038/bjc.2011.293
http://www.ncbi.nlm.nih.gov/pubmed/21847128


Int. J. Mol. Sci. 2022, 23, 6832 11 of 11

44. Lang, J.M.; Kaikobad, M.R.; Wallace, M.; Staab, M.J.; Horvath, D.L.; Wilding, G.; Liu, G.; Eickhoff, J.C.; McNeel, D.G.; Malkovsky,
M. Pilot trial of interleukin-2 and zoledronic acid to augment γδ T cells as treatment for patients with refractory renal cell
carcinoma. Cancer Immunol. Immunother. 2011, 60, 1447–1460. [CrossRef]

45. Nagamine, I.; Yamaguchi, Y.; Ohara, M.; Ikeda, T.; Okada, M. Induction of gamma delta T cells using zoledronate plus interleukin-2
in patients with metastatic cancer. Hiroshima J. Med. Sci. 2009, 58, 37–44.

46. Angela, Y.; Haferkamp, S.; Weishaupt, C.; Ugurel, F.; Becker, J.C.; Oberndörfer, F.; Alar, V.; Satzger, I.; Gutzmer, R. Combination of
denosumab and immune checkpoint inhibition: Experience in 29 patients with metastatic melanoma and bone metastases. Cancer
Immunol. Immunother. 2019, 68, 1187–1194. [CrossRef]

47. Afzal, M.Z.; Shirai, K. Immune checkpoint inhibitor (anti-CTLA-4, anti-PD-1) therapy alone versus immune checkpoint inhibitor
(anti-CTLA-4, anti-PD-1) therapy in combination with anti-RANKL denosumab in malignant melanoma: A retrospective analysis
at a tertiary care center. Melanoma Res. 2018, 28, 341–347. [CrossRef]

http://doi.org/10.1007/s00262-011-1049-8
http://doi.org/10.1007/s00262-019-02353-5
http://doi.org/10.1097/CMR.0000000000000459

	Introduction 
	Bone Metastasis and Microenvironment 
	Bone Metastasis in NSCLC Treated with Immune Checkpoint Inhibitors 
	Discussion and Future Perspectives 
	Conclusions 
	References

