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Abstract

Giant cell tumor of bone (GCTB) is a locally aggressive and rarely metastatic tumor, with a relatively unpredictable clini-
cal course. A retrospective series of 46 GCTB and a control group of 24 aneurysmal bone cysts (ABC) were selected with
the aim of investigating the PD-L1 expression levels and immune-related gene expression profile, in correlation with clin-
icopathological features. PD-L1 and Ki67 were immunohistochemically tested in each case. Furthermore, comprehensive
molecular analyses were carried out using NanoString technology and nCounter PanCancer Immune Profiling Panel, and
the gene expression results were correlated with clinicopathological characteristics. PD-L1 expression was observed in
13/46 (28.3%) GCTB (and in 1/24, 4.2%, control ABC, only) and associated with a shorter disease free interval according to
univariate analysis. Moreover, in PD-L1-positive lesions, three genes (CD27, CD6 and IL10) were significantly upregulated
(p<0.01), while two were downregulated (LCK and TLRS8, showing borderline significance, p=0.06). Interestingly, these
genes can be related to maturation and immune tolerance of bone tissue microenvironment, suggesting a more immature/
anergic phenotype of giant cell tumors. Our findings suggest that PD-L1 immunoreactivity may help to select GCTB patients
with a higher risk of recurrence who could potentially benefit from immune checkpoint blockade.
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with intermediate behavior and locoregional aggressive-
ness, exceptionally developing distant metastases [2].
These tumors affect mature individuals, aged between 20
and 40, although occasionally may occur in children or in
adults older than 65 years of age and typically arise in the
epiphysis of long bones [2—4].

Morphologically, GCTB consists of a solid growth of
mesenchymal mononuclear tumor cells (MTCs), roundish,
of medium size, with bland atypia and a variable, occa-
sionally high, number of mitotic figures, associated with a
different amount of reactive multinucleated osteoclast-like
giant cells (GCs). Nuclear factor NK-kf ligand (RANKL)
mediates osteoclast differentiation and activation by
inducing a multinuclear osteoclast pattern, their migra-
tion and survival, eventually leading to the bone resorp-
tion phenomena that are commonly seen in GCTB [5-7].
Cell cycle fractions within the mononuclear cell compart-
ment of GCTB can predict its progression-free survival,
as recently demonstrated by Maros et al. [8], describing
the elevated mitogenic potential and proliferative profile
of these cells.

Driver mutations of GCTB have been identified in the
H3F3A gene (a member of the Histone H3.3 family) [9, 10],
with a G35W mutation present in approximately 96% of
tested GCTB, thus supporting the notion that such an altera-
tion is pathognomonic of these tumors. In order to routinely
detect H3F3A alterations, a newly developed mutation-
specific Histone 3.3 antibody proved highly reliable for the
diagnosis of GCTB, with a sensitivity of approximately 95%
[11,12].

Current treatment options for GCTB include wide surgi-
cal resection, intralesional curettage or curettage with an
adjuvant treatment [13]. While wide en bloc excision pro-
vides excellent local control, cases treated with curettage
without adjuvant therapy may bear a higher risk of local
recurrences [14-16].

A novel therapy using a RANKL inhibitor (Denosumab)
to prevent bone resorption by giant osteoclast-like cells,
thus favoring the subsequent surgical approach, has been
introduced [17-19]. Since some literature data raised a con-
cern of a possible higher rate of local recurrences in Den-
osumab-treated patients [20], its definitive role in GCTB
management remains controversial [19, 21, 22]. Nonethe-
less, National Comprehensive Cancer Network (NCCN)
guidelines clearly state that Denosumab treatment should be
considered whenever upfront resection entails unacceptable
morbidity and/or in case of inoperable axial lesions [23].

Currently, immunotherapy has become a standard of care
for several human tumors, including melanoma and carcino-
mas [24, 25]. Moreover, immune checkpoint inhibitors are
being increasingly investigated in various soft tissue and
bone tumors with the aim of blocking the PD-1/PD-L1 axis
activity [26-29].
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Very recent data on 215 osteosarcomas [30] revealed their
genomic and transcriptomic profiles of PD-L1, PD-L2, B7-
H3 and IDO1, suggesting the potential target for immuno-
therapeutic intervention. On the other hand, a study by Wang
et al. [31] demonstrated that the combination of conventional
chemotherapy and an anti-PD-L1 inhibitor might be effec-
tive in osteosarcoma.

Based on the above, the aim of the present study was: (i)
to assess the expression of PD-L1 and Ki67 in a series of
GCTB:; (ii) to analyze the immune-related gene expression
profile of these tumors by NanoString technology using a
nCounter PanCancer Immune Profiling Panel compared to
that of aneurysmal bone cysts (ABC); (iii) to correlate the
results of the above-mentioned analyses with clinicopatho-
logical characteristics and outcomes.

Materials and methods
Case selection

All cases diagnosed as GCTB were retrieved from the
pathology files of the Citta della Salute e della Scienza
Hospital of Torino in years 2004-2017: 50 cases were col-
lected with available histological material and follow-up
data. Radiological images and the hematoxylin and eosin
(H&E) slides from each case were reviewed by three of us
(JM, AL and MP). The diagnosis was eventually confirmed
by morphology and immunohistochemistry IHC) for mutant
Histone 3.3 protein (see below) in 46 cases, which formed
the basis of the present study. The remaining four cases were
reclassified as other conditions upon revision and excluded.
A control group of 24 cases of aneurysmal bone cyst (ABC),
another benign giant cell-rich lesion, was retrieved from the
same pathology file and time frame, after radiological and
histomorphological verification of the diagnosis.

Clinicopathological data such as age at diagnosis, sex,
tumor location, largest diameter of the lesion, type of treat-
ment, Campanacci grade, pathologic fracture at presentation
and follow-up data were collected from patients’ clinical
reports in a dedicated database. Before the study started,
all cases were de-identified and coded by a pathology staff
member not involved in the study, and all data were accessed
anonymously.

Immunohistochemistry

Three-pm-thick sections were cut from a representative
formalin-fixed paraffin-embedded (FFPE) tissue block of
each case and stained with H&E or submitted to IHC. The
latter was performed by an automated platform (Ventana
BenchMark AutoStainer, Ventana Medical Systems, Tucson,
AZ, USA) with the following primary antibodies: Histone
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3.3 G35W mutation-specific rabbit monoclonal antibody
(RM263, diluted 1:600, RevMADb Biosciences, San Fran-
cisco, USA); PD-L1 mouse monoclonal antibody (22C3,
diluted 1:50, Dako Agilent, Santa Clara, USA); FOXP3
mouse monoclonal antibody (236A/E7, diluted 1:100,
eBioscience, San Diego, USA). Antigen retrieval was per-
formed using CC1 antigen retrieval buffer (pH 8.5, EDTA,
100 °C, 30 min; Ventana Medical Systems, AZ, USA) for all
sections. Ultraview detection system was used throughout.
Appropriate positive and negative controls were included for
each immunohistochemical run.

In particular, the Histone 3.3 G35W mutation-specific
antibody was evaluated as previously described, namely as
having either negative or positive nuclear expression after
incubation for 32 min at 36 °C [32].

PD-L1 was double dichotomized into (i) negative in case
of < 1% cell expression or positive when immunoreactiv-
ity was observed in > 1% cells (ii) and expression by MTCs
and GCs. Furthermore, PD-L1 interpretation in controversial
cases was facilitated by double H3F3A/PD-L1 immunostain-
ings, where the red H3F3A nuclear coloration better high-
lighted the tumor cells, having a continuous or discontinuous
cell membrane PD-L1 expression, even in cases with weak
reactivity. Histone 3.3 G35W and PD-L1 were assessed by
visual estimation of the extent of immunoreactivity. FOXP3
was assessed counting the absolute number of tumor infil-
trating lymphocytes in the whole tumor section and then
dichotomized into two categories: 0—10 and > 11 positive
cells.

Gene expression analysis by NanoString technology

Gene expression analysis was performed on 48 samples hav-
ing available tissue after IHC assessment. These included
38 GCTB and 10 ABC, as a control group. Eight GCTB
samples were obtained from four patients, before and after
treatment with Denosumab, in order to investigate the poten-
tial changes in the gene profile after systemic therapy.

For each sample, two 10-pm-thick FFPE tissue sections
were obtained and collected in sterile Eppendorf tube. (The
number of sections was increased in case of scant material.)

RNA isolation was performed using the FFPET RNA
Isolation Kit (Roche Diagnostics GmbH, Mannheim, Ger-
many), according to the manufacturer’s protocols. Total
RNA concentration was assessed using a NanoDrop spec-
trophotometer (Thermo Fisher Scientific, Inc., Wilming-
ton, DE, USA). NanoString nCounter technology was used
to measure relative expression levels of immune genes
within the tumor microenvironment: 300 ng of total RNA
from each sample was hybridized to the nCounter PanCan-
cer Immune Profiling Panel, according to the manufactur-
er’s instructions (NanoString Technologies, Seattle, WA,
USA). This panel detects the expression of 770 mRNA

targets: 730 immune-related genes and 40 housekeeping
genes. The analyses were set up according to the proto-
col provided by the manufacturer. Expression data were
normalized and analyzed with the nSolver analysis soft-
ware (version 4.0.62). Samples obtained from the same
patients were included only in additional analyses related
to pre- and post-Denosumab treatment immunoprofiling.
For background correction, the mean count of negative
controls plus two times the standard deviation was sub-
tracted from the counts for each gene. The means of the
supplied positive controls and the geometric mean of the
housekeeping genes were used to normalize the measured
expression values. Both positive and negative controls
were included in the panel, according to manufacturer’s
instructions. Additionally, the advanced analysis module
(version 2.0.115) was used to perform differential expres-
sion analyses. Briefly, for each gene a single linear regres-
sion was fit using all selected covariates to predict expres-
sion. A volcano plot was generated to display each gene’s
-logl0 (p value) and log2-fold change with the selected
covariate. Highly statistically significant genes fell at the
top of the plot above the horizontal lines, and highly dif-
ferentially expressed genes fell to either side. Horizontal
lines indicated various p value thresholds.

Normalized gene expression levels were obtained from
nSolver, and analysis of RANK and RANKL differential
expression between PD-L1-positive and PD-L1-negative
cases was performed in GraphPad Prism software version
8.4.0 (GraphPad Software, Inc., San Diego, CA) using the
t test (critical p value =0.05).

Statistical analyses

All analyses were performed using Stata/MP 15.0 statis-
tical software (STATA, College Station, TX). Continu-
ous variables were summarized as the mean and standard
deviation (SD), whereas for categorical variables, the fre-
quency was provided. The patient’s characteristics were
compared using the Chi-square test for categorical vari-
ables and the ¢ test or ANOVA test for continuous vari-
ables, according to Bonferroni corrections. Disease-free
interval (DFI) was calculated from the date of primary
lesion diagnosis to the date of recurrence or last follow-
up. Survival curves between different groups were plotted
using the Kaplan—-Meier method, and the statistical com-
parisons were performed with log-rank test. Cox regres-
sion analyses were carried out on DFI to calculate HRs
and 95% ClIs for the different study groups. The propor-
tional hazard assumption was assessed with the Schoenfeld
residuals. This did not give reasons to suspect violation of
this assumption.
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Results

1. Clinicopathological characteristics and immunohisto-
chemical profile

The clinical and pathological features of 46 GCTB cases
are summarized in Table 1. Briefly, the median follow-up
was 4.9 years, while median age at diagnosis was 34 years.
The preferred location was the lower extremities (39/46)
with tumors having a mean size of 6.4 cm. Majority of cases
were treated with curettage (26/46). Locoregional recurrent
disease occurred in 13 cases of GCTB. Most of the tumors
were classified as Campanacci grade II (32/46). Denosumab
treatment was administered to nine GCTB patients, only (six
cases at diagnosis and three cases after the first recurrence).

The GCTB group showed significantly larger lesions and
higher number of fractures at presentation compared to ABC

group.
2. Immunohistochemical profile

All GCTB had immunohistochemical positivity for the
G35W mutation-specific Histone 3.3 antibody, with the
majority of cases showing strong staining in the nuclei of the
mononuclear cell population (Fig. 1a). No staining for the
Histone 3.3 G35W mutation-specific antibody was observed
in control cases of ABC.

PD-L1 positivity was observed in 13 of 46 (28.3%)
GCTB and in only one of 24 (4.2%) ABC cases (p=0.016)
(Table 1). Positive cases had between PD-L1 reactivity

Table 1 Clinicopathological characteristics of a series of bone tumors with giant cells

GCTB (46) ABC (24) Total (70) prE

Median follow-up Median (years) (25th—75th) 491 (2.36-5.58) 5.75 (3.48-6.63) 4.99 (3.41-6.28) 0.289

Age at diagnosis Median (interval) 34 (17-77) 32 (15-70) 34 (17-77) 0.450

Gender F 21 12 33 0.734
M 25 12 37

Site Upper extremities 7 8 15 0.082
Lower extremities 39 16 55

Diameter lesion (cm) <5 17 18 35 0.002
>5 29 6 35

Mean size (cm) mean + SD 6.42+2.63 4.37+1.67 5.72+2.53 0.001

Surgical treatment Curettage 26 12 38 0.732
Resection 20 11* 31

Recurrence No 33 21 54 0.136
Yes 13 3 16

Campanacci grade I 2 - - -
I 32
I 12

Fracture at presentation No 41 23 64 0.342
Yes 5 1 6

Denosumab treatment No 37 23 60 0.083
Yes 9 1 10

FOXP3 0-10 positive cells 26 19 45 0.061
> 11 positive cells 20 5 25

PD-L1 Negative 33 23 56 0.016
Positive 13 1 14

PD-L1 Negative 33 23 56 0.187
Positive MTCs 0 5
Positive GCs 1 9

Ki67 <1% 8 13 21 0.001
> 1% 38 11 49

Ki67% Mean+SD 8.76+9.97 3.54+5.38 6.97+8.99 0.020

*After initial biopsy, one case treated with transarterial embolization (TAE)

**Bonferroni correction

GCTB: giant cell tumor of bone, ABC: aneurysmal bone cyst
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P

Fig.1 a In a giant cell tumor of bone, strong immunoreactivity of
neoplastic mononuclear stromal cells for H3.3 G35W mutation-spe-
cific antibody is present (400x). b* Strong PD-L1 immunoreactiv-
ity at the cell membrane of mononuclear stromal cells (200x, insert
400x). ¢, d PD-L1 expression by giant cells is mainly confined at the
membrane level of the same giant cell (400x, insert 500x) and only
occasionally occurs in the cytoplasm (80x, insert 200x). e* Double
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PD-L1 and H3F3A immunostaining in a controversial case of giant
cell tumor of bone helps to distinguish neoplastic mononuclear stro-
mal cells from adjacent immune cells (200x, inserts 400x and 500x).
f FOXP3-positive tumor infiltrating lymphocytes in a case of giant
cell tumor of bone (200x). *The arrows in images B and E indicate
mononuclear tumor cells reactive for PD-L1
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ranging from 1 to 20%, except for one case that displayed
30% of cell immunoexpression. In five cases, the reactivity
was observed in MTCs (Fig. 1b) and in eight cases in reac-
tive GCs with either membranous or cytoplasmic pattern
(Fig. 1c, d). The distinction of neoplastic mononuclear cells
from adjacent immune cells (macrophages and lymphocytes)
was based on morphology and supported by a double PD-L.1
and H3F3A immunostaining in controversial cases (Fig. le).

Additionally, PD-L1 was also tested in four Denosumab-
treated patients in which both samples (before and after
treatment) were available: One case was negative in both
specimens, and three were positive before treatment. Of
these latter, only one preserved PD-L1 expression in the
specimen resected after treatment and the remaining two
completely lost their PD-L1 reactivity.

Moreover, no significant difference was observed between
GCTB subset and the group of ABCs in FOXP3-positive
tumor infiltrating lymphocytes (p =0.061, Table 1).

Furthermore, we stratified our series by PD-L1 expres-
sion (Table 2), and the correlation with recurrent disease
remained significant (p =0.006), as well as its correla-
tion with higher Ki67 proliferation index (p =0.024). In

Table 2 Case series stratified by PD-L1 expression

addition, in 9/14 (64%) PD-L1-positive cases more abun-
dant FOXP3-positive tumor infiltrate was observed (> 11
positive cells) compared to PD-L1-negative samples (16/56,
28%) (p=0.013).

3. PD-L1 expression and its impact on prognosis

By univariate analysis (Table 3), Campanacci classifica-
tion, surgical resection and PD-L1 expression were signifi-
cantly related to DFI. In particular, PD-L1 expression was
associated with a poorer DFI (HR=4.15, CI 1.52-11.31;
p=0.005). When stratified according to the positive cell
population (MTCs versus GCs), the expression of this
marker maintained a significant HR for both cellular types,
being higher in PD-L1-positive MTCs than multinucleated
GCs (HR=6.11 versus HR =3.34, respectively).

Kaplan—Meier survival analysis also confirmed these
results (Fig. 2a, b): DFI was significantly longer in PD-
L1-negative versus PD-L1-positive cases (log-rank test
p=0.0026), while among PD-L1-positive cases, the worst
outcome was seen in cases with expression by MTC (rather
than multinucleated GCs) (log-rank test p =0.0045).

PD-L1 negative (56) PD-L1 positive (14) Total (70) p**E

Age at diagnosis Median (interval) 34 (17-77) 35(21-71) 34 (17-77) 0.664

Gender F 28 5 33 0.345
M 28 9 37

Site Upper extremities 14 1 15 0.149
Lower extremities 42 13 55

Diameter lesion (cm) <5 31 4 35 0.075
>5 25 10 35

Mean size (cm) mean +SD 5.51+£2.57 6.52+2.28 5.72+2.53 0.187

Surgical treatment* Curettage 28 10 38 0.168
Resection 27 4 31

Fracture at presentation No 52 12 64 0.393
Yes 2 6

Campanacci I 2 0 2 0.625
I 23 9 32
il 8 4 12

Recurrence No 47 7 54 0.006
Yes 9 7 16

Denosumab treatment No 50 10 60 0.090
Yes 6 4 10

FOXP3 0-10 positive cells 40 5 45 0.013
> 11 positive cells 16 25

Ki67 <1% 21 19 2 0.156
>1% 49 37 12

Ki67% Mean +SD 6.97+8.99 5.76+8.27 11.78 +10.4 0.024

*After initial abundant biopsy, one ABC case was treated with transarterial embolization (TAE)

**Bonferroni correction
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Table 3 Cox Regression analyses of DFI

DFI HR CI p
Age (linear) 0.99 0.96-1.03 0.631
Gender (M vs. F) 1.67 0.61-4.61 0.318
Site (lower vs. upper extremities) 4.32 0.57-32.74 0.157
Diameter (> 5 cm) 1.65 0.60-4.54 0.333
Surgical treatment resection versus curettage 0.26 0.07-0.93 0.038
GCTB versus ABC 2.76 0.78-9.73 0.113
PD-L1 (negative vs positive) 4.15 1.52-11.31 0.005
PD-L1
Negative 1
Positive MTCs 6.11 1.63-22.9 0.007
Positive GCs 3.34 1.02-11.00 0.047
FOXP3
> 11 positive cells 1.63 0.61-4.39 0.331
Ki67 (< 1% vs. > 1%) 2.14 0.61-7.53 0.234
Campanacci* 4.28 1.48-12.36 0.007
Fracture (yes vs. no) 1.35 0.31-5.96 0.688
*Referred only to GCTB
GCTB: giant cell tumor of bone, ABC: aneurysmal bone cyst, MTC: mononuclear tumor cell, GC: giant cell
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Fig.2 a Kaplan—Meier curve of DFI according to PD-L1 expression in giant cell tumor of bone (log-rank test p=0.0026). b Kaplan—-Meier
curve of DFI according to PD-L1 expression in different cell types of giant cell tumor of bone (log-rank test p =0.0045)

4. Expression profile of immune-related genes by
NanoString technology
(a) Gene expression profile according to PD-L1 levels

In order to identify which genes are possibly correlated
with the expression of PD-L1 and the risk of recurrence,
expression levels of immune response-related genes were

compared between the groups of PD-L1-positive and PD-
L1-negative cases.

Stratifying cases according to PD-L1 expression, CD27,
CD6, IL10 (p<0.01), and TIGIT, OSM, CFP, LILRAI,
CDID (p <0.05) genes showed significantly higher expres-
sion levels in PD-L1-positive cases (Fig. 3a, green rectan-
gle). In addition, a reduced expression of LCK and TLRS
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Fig.3 a Different gene expression profiles according to PD-L1
immunoreactivity. Upregulated genes CD27, CD6, ILI0 (p<0.01)
are marked by the green rectangle. Red rectangle highlights down-
regulated genes LCK and TLRS although not reaching statistical sig-
nificance (p=0.06). b Different gene expressions in cases pre- and
post-treatment with Denosumab. Particularly, cases 1 and 4 show
higher levels of CD27, CD6, TIGIT, OSM, LCK and TLRS genes
in the post-treatment samples compared to those of initial biopsies.

genes was detected, although not reaching statistical sig-
nificance (p =0.06) (Fig. 3a, red rectangle).

With the limitations of the small sample size, changes
of single gene expression profiles were recorded in sam-
ples before and after Denosumab treatment. It can be noted
that, case 1 and 4 had higher expression levels of CD27,
CD6, TIGIT, OSM, LCK and TLRS genes in post-treatment
samples compared to those of initial biopsies (Fig. 3b).
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¢ Giant cell tumors of bone, compared to aneurysmal bone cysts,
show significantly higher expression of MEFV, TNFRSF11B, EBI3,
CXCLI, ICOS, CD6, CCL19, CR1, EOMES, KLRGI] and CXCR4
genes (p<0.01) indicated by the green rectangle. Downregulated
genes TLRY, IL10, TLRS, FOXP3, CXCRI, ATGS, ATF1 and ILI5
(p<0.01) are marked by the red rectangle. d TLRS and ULBP2 genes
were found significantly downregulated in giant cell tumors of bone
that developed locoregional recurrences

Moreover, single gene exploration analysis of RANK
(p=0.43) and RANKL (p=0.39) in the group of GCTB
according to PD-L1 levels did not demonstrate significant
differences in the gene expression levels (Supplementary
Fig. 1).

(b) Gene regulation in GCTB versus ABC
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Furthermore, we observed up- and downregulation of
immune response-related genes in GCTB. Compared to the
control group of ABCs, a significantly higher expression
(p<0.01) was observed for MEFV, TNFRSFI11B, EBI3,
CXCLI, ICOS, CD6, CCL19, CRI, EOMES, KLRGI and
CXCRA4 genes (Fig. 3c, green rectangle). On the other hand,
downregulated genes included: TLR9, IL10, TLRS, FOXP3,
CXCRI1, ATGS, ATF1 and IL15 (p<0.01) (Fig. 3c red
rectangle).

In addition, the gene expression levels identified by the
PanCancer Immune Profiling Panel highlighted a profile
linked to the macrophage functions in GCTB (Supplemen-
tary Fig. 2).

5. Recurrent GCTB disease and gene expression charac-
terization

Differences among GCTB cases that developed recurrent
disease were also looked for, and a statistically significant
reduced expression (p <0.01) was observed in only two
genes, namely ULBP2 and TLRS, compared to nonrecur-
rent tumors (Fig. 3d).

Discussion

GCTB is a locally aggressive neoplasm, with a low percent-
age of patients developing lung metastases and having an
adverse outcome. Recurrence is reported in approximately
15% to 50% of cases. A driver mutation in gene H3F3A
(G35W) has been described, distinguishing unequivocally
GCTB from other giant cell containing bone lesions, such
as ABCs.

As expected [16, 33], this study confirms that Cam-
panacci classification and surgery treatment are related to
a different clinical outcome in our series of patients. More
importantly, this is the first study that demonstrates a sig-
nificant correlation between PD-L1 expression and local
recurrence in GCTB, in association with a specific profile
of immune system-related genes, as detected by NanoString
technology.

So far, PD-L1 (and PD-1) overexpression has been cor-
related with adverse prognosis in other bone tumors as well
as in soft tissue tumors [34-36].

In GCTB, PD-L1 expression is significantly related to
higher risk of recurrence in terms of DFI, suggesting a more
anergic immune status, which may favor escape mechanisms
and recurrence development. This hypothesis is supported
by an idiosyncratic gene expression signature detected by
NanoString technology in PD-L1-positive tumors. In fact,
these latter had three genes significantly upregulated, includ-
ing CD27, CD6 and IL10. CD?27 is reported to be expressed
by osteoclast precursors, according to the “macrophage-like”

or “osteoclast-like” pattern of GCs [37], and therefore, a
higher expression of this marker in PD-L1-positive lesions
may probably be related to a less differentiated phenotype
of GCs. Likewise, the upregulation of CD6 and IL-10 may
be associated with maturation of GCs. In fact, T regula-
tory cells (Treg) inhibit osteoclast maturation in bone tis-
sue, producing IL4 and IL10. Furthermore, CD6 is a gen-
eral attenuator of T cell activation [38, 39], in line with the
hypothesis of a more anergic status of immune system in
PD-L1-positive tumors and consequent higher risk of recur-
rence. Certainly, the microenvironment of GCTB is complex
due to the presence of neoplastic cells that recruit mononu-
clear osteoclast precursors and promote their maturation in
multinuclear osteoclasts [40]. However, it has been discov-
ered that multinucleated GC per se is able to continuously
produce rapidly proliferating mononucleated cells by a bud-
ding process [41]. In a more recent study [42], the authors
described giant cell cycle, i.e., giant cancer cell self-renewal
mechanism via endoreduplication and nuclear budding or
fragmentation, producing small daughter nuclei. Conse-
quently, these nuclei obtain cytoplasm, separate from the
giant mother cells and acquire competency in mitosis. This
dynamic self-proliferation of GC may explain their more
immature phenotype, in contrast to the phenotype of dedif-
ferentiated malignant lesions.

In addition, in such PD-L1-positive tumors, a couple of
genes (TLR8 and LCK) were found to be downregulated,
even if the difference compared to PD-L1-negative tumors
had borderline significance (p =0.06), only. TLR8 is a mem-
ber of the Toll-like receptor (TLR) family which plays an
essential role in pathogen recognition and activation of
innate immunity [43]. LCK is a key signaling molecule in the
selection and maturation of developing T cells that binds to
surface receptors present in various cells including CD4 and
CD8 lymphocytes. The relatively low number of the present
series did not allow to achieve statistical significance across
TLRS and LCK expression, but despite this, in analyzed sam-
ples pre- and post-treatment with Denosumab, we observed
again a different modulation of these genes and, similarly,
in recurrent lesions, TLRS showed a reduced expression. In
line with our preliminary observations, several authors have
described [44] that Denosumab-based RANKL targeting
may reinforce natural killer (NK) cell-mediated antitumor
responses and that NK-cell activation has been regulated
directly by TLRS8 and LCK [45, 46]. Moreover, Francis-
coni and colleagues have studied immunoregulatory role
of RANKL in a mouse model, suggesting its continuous
interference with Treg activity [47].

These data support the hypothesis that TLR8 and LCK
downregulation might be associated with a less reactive
environment in PD-L1-positive cases, related to an “escape”
mechanism of GCTB, and open new scenarios in the treat-
ment of these lesions.
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In fact, despite the limitations of this study related to
its retrospective nature, the relatively small sample size
and the different surgical treatments, the current findings
highlight that PD-L1 expression is related to a higher risk
of recurrence with a “specific immunoprofiling pattern.”
Therefore, the possible use of immune checkpoint inhibi-
tors of the PD-1/PD-L1 axis might be considered for the
treatment of selected clinically aggressive GCTB cases
after resection, including those with disease relapse or
metastatic localizations or those in which surgical treat-
ment might be challenging due to disease location within
complex anatomical structures (in particular, axial skel-
eton). Although Denosumab proved useful to prevent bone
resorption by giant osteoclast-like cells, several contro-
versies concerning optimal treatment dose, duration and
interval and drug safety still remain [48]. The option of
immunotherapy in GCTB could find support in a recent
work by Ayers and co-workers [49], who identified an
18-gene T cell-inflamed signature (named Tumor Inflam-
mation Signature, TIS), able to predict response to Pem-
brolizumab across multiple solid tumors. Two of the genes
identified as significantly upregulated in PD-L1-positive
GCTB (CD27 and TIGIT) in the present series are also
included in the Ayers’ proposed signature and are overex-
pressed in responder patients. Moreover, the applicability
of the TIS algorithm to gene expression data from The
Cancer Genome Atlas (TCGA) database across different
histologically defined tumor types was also demonstrated
[50]. Finally, elevated levels of CD27 were also observed
in a recent study by Klein and co-workers [51] in a series
of dermal sarcomas, confirming the potential role of the
currently identified upregulated gene panel also in other
human tumors.

To the best of our knowledge, this is the first study
that reports GCTB gene expression profile detected by
NanoString technology and demonstrates association of
PD-L1 immunoexpression to a higher risk of recurrence,
possibly mediated by the inhibition of the host immune
system and the development of an anergic environment, as
indicated by the significant upregulation of genes involved
in immune response modulation. Our findings encour-
age PD-L1 immunohistochemical evaluation at diagno-
sis to select GCTB patients at higher risk of recurrence,
who may potentially be considered for anti-PD-1/PD-L1
therapies.
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