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Neutrophil extracellular
traps are associated with poor
response to neoadjuvant
therapy and poor survival in
pediatric osteosarcoma
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Claudia Rössig6 and Ronit Elhasid1,2,3*

1School of Medicine, Tel Aviv University, Tel Aviv, Israel, 2Pediatric Hemato-Oncology Research
Laboratory, Tel Aviv Medical Center, Tel Aviv, Israel, 3Dana-Farber/Boston Hematology/Oncology,
Boston, MA, United States, 4Department of Pathology, Tel Aviv Medical Center, Tel Aviv, Israel,
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Purpose: Osteosarcoma (OS), the most common primary bone malignancy in

childhood poses a therapeutic challenge despite extensive research. Neutrophil

extracellular traps (NETs) play a role in the tumor microenvironment (TME) in a

variety of cancers, but their role in OS has not been characterized.

Experimental Design: This retrospective cohort study aimed to investigate

immune cell infiltration and NETs formation in patients with OS and its

association with chemotherapy response and overall survival using

immunofluorescence of paraffin-embedded tissue samples.

Results: As compared to the non-malignant bone tumor Osteoblastoma, OS

samples were characterized by a higher proportion of neutrophils exhibiting

NETs. High NETs formation on initial diagnostic biopsies, but not Neutrophil to

Lymphocyte ratio, the number of tumor-infiltrating neutrophils, CD3+ T-cells or

CD8+ T-cells, was associated with poor response to neoadjuvant chemotherapy.

The NETs burden in diagnostic biopsies was also correlated with survival: patients

with high NETs burden had a mean overall survival of 53.7 months, as compared

with 71.5 months for patients with low NETs. Furthermore, metastatic sites

exhibited elevated NETs formation compared to primary tumors, and sera from

patients with OS induced NETs release in healthy neutrophils, while sera from

healthy controls did not.

Conclusions: These data highlight the potential role of NETs in OS’s TME biology,

and suggest that NETs released by tumor infiltrating neutrophils can serve as an
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independent prognostic factor for poor response to neoadjuvant therapy and

overall survival in patients with OS. Such insights may inform the development of

tailored treatment approaches in OS.
KEYWORDS

osteosarcoma, tumor microenvironment (TME), neutrophil, neutrophil extracellular
traps (NETs), T cell, chemotherapy resistance, prognosis
Introduction

Osteosarcoma (OS) is the most common primary bone

malignancy in childhood, accounting for 3% of childhood cancers

(1). According to the current treatment standard, patients are treated

with surgery and intensive (neo)adjuvant chemotherapy. Despite

extensive research, long-term event-free survival remains limited to

70% in patients with local disease, and patients with metastatic

disease have a disappointingly poor cure rate of 20-30% (2, 3). This

poor survival rate, even for patients with localized disease, stems from

a few reasons. OS is a heterogeneous tumor, both at the intra- and

inter-tumor levels, with no identified driver mutation (4).

Consequently, due to a lack of specific targets, efforts to improve

treatments using targeted therapies have so far failed. Moreover,

while poor histological response to preoperative chemotherapy allows

to identify patients with the highest risk of relapse, intensification of

chemotherapy has failed to improve outcome (5).

The current therapeutic paradigm involves the administration

of neoadjuvant chemotherapy with MAP (high-dose Methotrexate,

Doxorubicin, and Cisplatin) before surgical resection, followed by

adjuvant MAP chemotherapy post-operatively. This standardized

approach is employed across all patient groups, despite potential

subgroups exhibiting minimal efficacy with this regimen. Presently,

the identification of potential non-responders to MAP therapy

relies on histological assessment of the excised tumor post-

neoadjuvant treatment. This necessitates that non-responsive

patient, identified by a limited necrotic response, endure a

prolonged period (2-3 months) of potentially ineffective

treatment. Consequently, there is a critical need to establish

prognostic factors that can predict responsiveness to neoadjuvant

MAP therapy at the time of initial diagnosis.

Neutrophils, the most abundant leukocyte in the circulating

blood, are the first line of immune defense within the innate

immune system (6). They protect the host from pathogens

through mechanisms such as phagocytosis, the release of

cytotoxic molecules by degranulation, and the release of

neutrophil extracellular traps (NETs) (7). NETs are extruded by

activated neutrophils and are composed of DNA fibers, histones,

and antimicrobial proteins (8, 9). Besides infections, NETs are also

formed in non-infectious conditions, including autoimmune

diseases, and thrombosis-associated conditions (10–12) as well as

during tumor progression and dissemination (13). Neutrophils are

commonly encountered within the tumor microenvironment
02
(TME), playing an important role in various human cancers (14,

15). Clinical observations that are strongly supported by functional

studies show that cancer cells and/or other cells within the TME

modulate neutrophils to infiltrate the tumor tissue and to acquire

tumor-promoting activities, such as angiogenesis, migration,

invasion, metastasis or immunosuppression (16, 17). Neutrophils

also cross-talk with tumor and other cells through the production of

cytokines and other molecules in the TME (18). Cancer cells were

recently demonstrated to secrete proteins that induce NETs

formation in vitro and that inhibition of NETs release suppresses

lung metastasis of breast cancer in a mouse model (19).

Additionally, recent evidence has implicated NETs release as a

mechanism of resistance to chemo-, immuno-, and radiation

therapy (20). Furthermore, tumor-infiltrating lymphocytes (TILs)

and NETs release were implicated in the development of metastatic

niche (21–23). The role of tumor-infiltrating neutrophils (TINs)

and NETs formation in the pathogenesis and TME of OS

is unknown.

In this retrospective study, we set out to examine whether NETs

formation in the TME of treatment-naïve OS patients correlates

with response to neoadjuvant chemotherapy and disease

progression. We characterize NETs formation along the disease

course, in primary tumors and metastatic sites, and explore its

utility as an independent prognostic factor for survival.
Materials and methods

Study population

The study consisted of two cohorts, a main study cohort and an

external validation cohort. The main study cohort had a total of 21

patients who were diagnosed with OS between the years 2012 and

2019 in Tel Aviv Medical Center. There were 10 males and 11

females between the ages of 5.4 and 23.0 years. Diagnostic biopsies

were taken before the initiation of neoadjuvant therapy. All patients

have been treated as per AOST0331 and received uniform standard

treatment with MAP and surgery. Mean follow up time was 62.2

month. The patient’s clinical and pathological characteristics are

summarized in Table 1 and Supplementary Table 1.

The external validation cohort consisted of OS patients who

were diagnosed in Münster University Hospital, Germany, between

2012 and 2017. There were 2 males and 2 females, of whom 2
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presented with metastatic disease. Patients were included into the

cooperative osteosarcoma study group (COSS) registry, approved

by the institutional Ethical Board, and received uniform standard

treatment with MAP and surgery. The patient’s clinical and

pathological characteristics are summarized in Table 2 and

Supplementary Table 2.

Biopsies of 9 patients, diagnosed with non-malignant bone

tumors of Osteoblastomas at the Tel Aviv Medical Center, were

used as controls (median age: 17.9 years, range 8.6-21.7 years).

Patients from all cohorts, and/or their legal guardians had given

informed consent to the use of leftover material and blood samples

for research purposes in accordance with the Declaration

of Helsinki.

For NETs induction studies, serum samples from 3 patients

between the ages of 11.3 and 17.5 were collected upon their

diagnosis of OS. These samples were taken from the biobank of

our institution, and the clinical characteristics of the patients are

summarized in Table 3. As controls, serum samples from 3 healthy

pediatric controls (median age: 14.2, between the age of 2.7 and

15.8) were used. For these studies, neutrophils from healthy adult

donors, aged 51-64, were isolated from the peripheral blood.
Immunostaining of osteosarcoma
tissue samples

Al l an t i bod i e s we r e ob t a ined f rom commerc i a l

suppliers (Table 4).
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Staining was done on 4-µm thick paraffin-embedded tissue

samples. To protect NETs from structural deformation, antigen

retrieval for NE and H3 was accomplished with Target Retrieval

Solution 10mM Citrate 10x at pH=6.0 (Dako, Denmark) for 30

min at 50°C. For T cell markers, antigen retrieval using Omniprep

10x at pH=9.0 (Zytomed Systems, Germany) for 1h at 95°C was

used. Sections were permeabilized for 1 min with 0.5% Triton

X100 in TBS at RT, and then treated with 10% (5% BSA and 5%

human albumin) blocking buffer in TBS for 1h to prevent non-

specific binding. Primary antibodies were diluted (Table 1) in

TBS buffer containing 1% blocking buffer and incubated for 1h at

RT. Secondary antibodies conjugated to fluorescent dyes were

diluted in TBS buffer containing 1% blocking buffer and were

incubated for 1 hour at RT in the dark. Subsequently, sections

were stained with DAPI nuclear dye (Invitrogen, USA, MA) for

10 min.
Microscopy and image analysis

Imaging was performed on an LSM700 Laser Scanning

Confocal Fluorescence microscope (Zeiss, Germany). In each

section, 10 regions of interest were collected. Image analysis was

done using Image J software. Neutrophils not forming NETs were

defined as those exhibiting high intensity of NE signal (green) but

low intensity of H3 signal. NETs-forming neutrophils were defined

as those exhibiting colocalized high-intensity NE (green) and high

density of H3 signals (red). The main difference of not NET-

forming and NET-forming neutrophils is the intensity of H3

signal, therefore this was used to count the number of NET-

forming neutrophils. The percentage of NETs release was

calculated as the ratio of NETs-forming neutrophils and the total

number of neutrophils (NETs-forming and non-forming

neutrophils). CD8+ T cells were defined as the co-localization of

CD3 and CD8 signals.
Isolation of neutrophils

Human peripheral blood samples (2 ml) in EDTA-coated

vacutainer tubes (Greiner Bio-One) were obtained from healthy

volunteers. Neutrophils were isolated using the EasySep Direct

Human Neutrophil isolation kit (StemCell Technologies) by

immunomagnetic negat ive select ion according to the

manufacturer’s instructions. The number of isolated neutrophils

was quantified using Beckman coulter DxH800 hematology

analyzer and the final concentration was adjusted to 107/ml in

RPMI without phenol red.
Induction of NETs by serum and
monitoring by live cell imaging

To study NETs formation induction by serum of OS patients

or controls, 25,000 neutrophils from healthy controls were seeded

in 96-well plates (Nunc, Thermo Fischer Scientific) in RPMI
TABLE 1 Clinical data of OS patients in the main study cohort.

Number of patients 21

Age (years)

Median (range) 13 (5.4 - 23.0)

Gender

Male (%) 10 (48%)

Female (%) 11 (52%)

Pathologic Subtype

Osteoblastic 8/21 (38%)

Osteogenic 2/21 (10%)

Chondroblastic 3/21 (14%)

Osteoblastic & Chondroblastic 4/41 (19%)

Fibroblastic & Osteoblastic 1/21 (5%)

Metastatic disease at diagnosis (%) 4 (19%)

Local control by surgery (%) 21 (100%)

Necrosis

≥90% (good response) (%) 10 (48%)

<90% (poor response) (%) 11 (52%)

Relapse (%) 4 (19%)

Death from disease (%) 6 (29%)
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containing Cytotox Green dye (Sartorius; final concentration of 50

nM). Neutrophils were then stimulated with serum (final serum

concentration 50%) from patients with OS or from healthy

controls, and placed in the IncuCyte S3 Live-Cell Analysis

System (37°C, 5% CO2; Sartorius). Four pictures per condition

were taken every 30 min with a 10X objective for 4 hours. Since the

fluorescent dye Cytotox Green (Sartorius) only binds extracellular

DNA, NETs formation could be studied over time by measuring

the increase in fluorescent particles. The images were processed by

the basic analyzer unit of the IncuCyte S3 2021 Software

(Sartorius). The proportion of neutrophils producing NETs was

calculated by dividing the number of green cells by the number of

total cells (as seen in the phase channel) and is expressed as

a percentage.
Statistical analysis

The data are presented as mean ± standard error of the mean.

Statistical differences were determined by employing Student’s t-test

or one-way ANOVA test with Tukey’s multiple comparison post-

hoc test. For multifactor response predictions, nominal logistic

regression was used, and the probability of ChiSq was calculated.

To create Kaplan-Meier curves, parameters (NETs, TINs, TILs,

CD8s) were first partitioned (separately for overall survival or

progression free survival (PFS) to obtain a minimal sum of

squared errors. Kaplan-Meier survival analysis was then

calculated. To address multiplicity, parametric survival fit was

done for survival analyses, after excluding metastatic disease at

presentation as a competing cause. False-Discovery Rate (FDR)

approach was used to guards against incorrect declarations of

significance, in cases that multiple parameters were evaluated

simultaneously. Statistical significance was determined at P <

0.05, and statistics was calculated using JMP Pro version 17 (JMP

Statistical Discovery LLC).
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Results

NETs release is elevated in diagnostic
biopsies of patients with osteosarcoma
compared to patients with osteoblastoma

First, we characterized immune cell infiltration in OS diagnostic

biopsies compared to controls having the non-malignant bone

condition Osteoblastoma (OB). The numbers of infiltrating immune

cells, such as neutrophils, CD3+ T cells, and CD8+ T cells, did not

differ between patients with OS and controls (Figures 1A, C, D;

P = 0.965, P = 0.337, and P = 0.638 respectively). However, the extent

of NETs-forming neutrophils was significantly elevated in diagnostic

OS biopsies compared to controls (Figure 1B; P = 0.0018). Correlation

between number of neutrophils and NETs was not observed (R square

= 0.01030, P = 0.67).
NETs release is elevated in diagnostic
biopsies of patients with osteosarcoma and
poor response to
neoadjuvant chemotherapy

Next, we characterized the immune cell infiltration in patients

with OS who had a good response to neoadjuvant chemotherapy

compared with poor response. Good or poor response to

chemotherapy was determined by the percentage of tissue necrosis

at the time of definitive surgery (Sazer-Kuntschik score) (24), where

below 90% was determined as poor response, and 90% and above

good response. Overall, no differences were observed in infiltrating

immune cells, including neutrophils, CD3+ T cells, and CD8+ T cells,

between samples from OS patients having good or poor response to

neoadjuvant chemotherapy (Figures 2A, D–E, H–I; P = 0.643, P =

0.906, and P = 0.872 respectively). The extent of NETs-forming

neutrophils, however, was significantly elevated in patients having
TABLE 3 Clinical data of OS patients used for serum samples.

Patient No. Age at diagnosis Gender Necrosis (%) Relapse Death

1 11.26 M 95 Yes No

2 11.74 F 50 Yes Yes

3 17.50 M 99 Yes Yes
TABLE 2 Clinical data of OS patients of the validation cohort.

Patient
No.

Age at
diagnosis (y)

Gender
Pathologic
subtype

Disease
Location

Necrosis
(%)

Metastasis Location
at diagnosis

Status

1 17.08 M Osteoblastic Prox Humerus 70 Lung DOD

2 13.50 F Osteoblastic Distal Femur >90 Lung, Lynph nodes CR

3 13.08 M Osteoblastic Distal Femur >90 Lung CR

4 11.00 F Osteoblastic Distal Femur 30 – DOD
fron
CR, complete remission; DOD, dead of disease.
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TABLE 4 Antibodies and conditions used for the immunofluorescent staining.

Antibodies Antigen retrieval

Source Specificity Host, dilution Buffer/pH Temp. (°C)

EMD Millipore 48001 Neutrophil elastase rabbit, 1:1000 citrate, 6.0 50

Abcam128012 Histone H3 sheep, 1:500 citrate, 6.0 50

Abcam 150081 Alexa Fluor® 488 goat anti-rabbit, 1:500

Abcam 150179 Alexa Fluor® 647 donkey anti-sheep, 1:500

Biolegend 301902 CD15 mouse, 1:250 omniprep, 9.0 95

Abcam 11089 CD3 rat, 1:250 omniprep, 9.0 95

Abcam 93278 CD8 rabbit, 1:250 omniprep, 9.0 95

Abcam 150117 Alexa Fluor® 568 goat anti-mouse, 1:500

Abcam 150151 Alexa Fluor® 647 donkey anti-rat, 1:500

Abcam 175693 Alexa Fluor® 488 donkey anti-rabbit, 1:500
F
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FIGURE 1

Immune cell infiltration and NETs release in patients with Osteosarcoma at diagnosis compared to patients with Osteoblastoma. Tissue samples
from patients with OS at diagnosis were monitored for immune cell infiltration and the extent of NETs-forming neutrophils. The number of
infiltrating (A) neutrophils (C) CD3+ T cells and (D) CD8+ T cells was not significantly changed in tissue samples from patients with OS at diagnosis
compared to Osteoblastoma (OB) tissue samples used as controls (P = 0.965, P = 0.337, and P = 0.638 respectively). (B) The extent of NETs-forming
neutrophils was significantly elevated in patients with OS compared to OB samples (**P = 0.0018).
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FIGURE 2

Increased NETs predict poor response to neoadjuvant chemotherapy. Tissue samples from patients with OS at diagnosis with good and poor
response were monitored for immune cell infiltration and the extent of NETs-forming neutrophils. (A) Although the number of infiltrating neutrophils
was not significantly changed in tissue samples from patients with OS at diagnosis with good response compared to patients with OS with poor
response (P = 0.643), (B) however, the extent of NETs-forming neutrophils was significantly elevated comparing the same samples (***P < 0.001).
(C) NETs forming neutrophils in primary tumor at diagnosis are correlated with the extent of necrosis following neoadjuvant chemotherapy with
MAP (F ratio 28.58, P < 0.0001). Circle size represents NETs burden in the sample. Red dots represent cases with >50% NETs forming neutrophils,
blue dots represent cases with <50% NETs forming neutrophils. The blue shaded area represents the confidence interval. Furthermore, (D) the
number of infiltrating CD3+ T cells and (E) CD8+ T cells was not significantly changed in tissue samples from patients with OS at diagnosis with
good response compared to patients with OS with poor response (P = 0.906, and P = 0.872 respectively). (F, G) Representative images of NE
(green), and H3 (red) staining for evaluating the number of TINs and the extent of NETs release in primary OS tissue samples from a patient with
good and poor response. High H3 signal and co-localization with NE (yellow arrows) represent NETs-forming cells, but cells without NETs had no
H3 signal (oranges circles). (H, I) Representative images of CD15 (orange), CD3 (red), and CD8 (green) staining for evaluating the number of T and
cells CD8 T cells in primary OS tissue samples from a patient with good and poor response.
Frontiers in Oncology frontiersin.org06
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poor response compared to those with good response (Figures 2B, F,

G; P <0.001). Regression analysis confirmed that NETs are correlated

with the extent of necrosis following neoadjuvant therapy

(Figure 2C). Furthermore, multivariate analysis of clinical and

pathological parameters showed that only NETs were correlated

with response to neoadjuvant therapy, with lL-R ChiSquare of

149.63 (P < 0.0001) and FDR Longworth of 5.8 (Supplementary

Table 3). The extent of NETs release was not correlated with any of

the other immunologic parameters.
Compared to primary tumor tissue,
metastatic tissue exhibits elevated
infiltration of immune cells and increase in
NETs formation

Further analysis was performed on patients who developed

pulmonary metastatic relapse during their disease course. For these

patients, we compared biopsies from the time of diagnosis with

samples from metastatic tissue. A significantly higher number of

neutrophils were found in the metastatic tissue compared to the

tissue at diagnosis (Figures 3A, E, F; P = 0.034), as well as higher

numbers of CD3 T cells and CD8 T cells (Figures 3B, C, G, H; P =

0.006 and P = 0.019 respectively). The extent of NETs-forming

neutrophils was also significantly increased in the metastatic tissues

compared to those acquired at diagnosis, but in contrast to all other

immune indexes, NETs-formation in metastasis had a markedly

narrow range (57.1-64.1%) (Figures 3B–D; P = 0.035).
NETs release might serve as an
independent prognostic factor for patients
with OS

We next investigated the prognostic value of the immune-related

factors to overall survival and progression-free survival in our patient

cohort. Neutrophil-to-lymphocyte ratio (NLR) was recorded at the

time of diagnosis in the peripheral blood, and the number of TINs,

TILs (CD3+), the extent of NETs formation as well as the number of

infiltrating CD8+ T cells were investigated in the initial biopsy. Log-

rank test of Kaplan-Meier analysis and multiple linear correlation was

calculated with different cutoff values for each variable. NLR (cutoff 5.5

for overall survival and 4.28 for PFS, n=21) Figure 4A, number of

TINs (Figure 4B; cutoff 40.5 for overall survival and 58.0 for PFS,

n=21), number of CD3+ TILs (Figure 4C; cutoff 89.3 for overall

survival and PFS, n=20), did not have predictive value for overall or

progression free survival. However, elevated NETs formation at

diagnosis (cutoff 52.8 for overall survival and 51.5 for PFS, n=20)

and low CD8+ TIL count (cutoff 13.0 for overall survival and 17.1 for

PFS, n=20) predicted a lower overall survival (Figures 4D, E; P = 0.007

and 0.02 respectively). This translated to a mean overall survival of

53.7 months in the high NETs group, compared to 71.5 months in the

low NETs group. Low CD8+ T cells counts were also correlated with

poor PFS (Figure 4E; P = 0.045), but high NETs did not (Figure 4D).

To guard against multiplicity, survival fit was done after exclusion of

cases withmetastatic disease at presentation as a competing cause. The
Frontiers in Oncology 07
analysis, shown in Supplementary Table 4, confirm the NETs and

CD8s rates were predictive of OS. On FDR analysis TILs, and not

CD8s were associated with PFS. However, both Wald test (chi square

= 4.29, P = 0.0381) and effect likelihood ratio test (chi square=5.78, P =

0.0162) confirmed CD8s were significantly associated with PFS.

To validate that our patient cohort was representative of the

general OS population, overall survival was calculated for

prognostic factors that are known to influence survival, such as

response to chemotherapy, development of relapse, and metastatic

disease at presentation, using Log-rank test of Kaplan-Meier

analysis. As expected, all the markers predicted significantly

shorter overall survival (Supplementary Figures 1A–C; P = 0.033,

P = 0.047 and P= 0.022 respectively).
Validation of results using external cohort

To validate our previous results regarding NETs formation in

primary OS tumors in comparison to metastatic sites of relapse, we

gathered a small cohort of 4 OS patients who were diagnosed and

treated in Münster University Hospital, Germany. This cohort is small

but very informative, as all four patients had long overall survival

despite their metastatic disease and underwent multiple surgeries

along their disease course to remove subsequential metastasis. This

cohort allowed us to investigate NETs in the metastatic niche over the

course of the disease. Supplementary Table 2 demonstrates that in

agreement with our previous results, the 2 patients in the Münster

cohort who had favorable response to neoadjuvant therapy had low

NETs, while the poorly responding patients had >50% NETs. Of the

four patients in the cohort, three had pulmonary relapses and one had

osseus relapse. Figures 5A, B demonstrate that in agreement with our

previous data, both TINs and NETs-forming neutrophils were

significantly increased in pulmonary metastasis compared to the

primary tumor. For the single patient with osseous relapse (who

had poor response to neoadjuvant chemotherapy), there was no

significant difference in TILs and NETs-forming neutrophils

between primary and metastatic sites (Figures 5C, D). Figures 5E, F

show representative microscopy images of the primary disease site and

the subsequent pulmonary and osseous relapses. Supplementary

Table 2 shows that with few exceptions (the 3rd relapse of patient 1

and the 1st relapse of patient 2), NETs-forming neutrophils overall

increased along the disease course.
Ex vivo NETs formation is induced by
serum from patients with OS at the time of
their diagnosis

To understand whether serum proteins may be involved in

inducing NETs release in patients with OS, we applied serum

samples from three patients with OS on neutrophils from healthy

volunteers and monitored NETs formation, in comparison to serum

from three pediatric controls. While serum from healthy pediatric

controls caused negligible induction of NETs formation, serum

from patients with OS induced a significant increase in NETs

formation after three hours of incubation, and an overall fourfold
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FIGURE 3

Increased immune cell infiltration in metastatic OS tissue. Immune cell infiltration and the extent of NETs-forming neutrophils in primary disease site
compared to metastatic site, in patients with OS. The number of infiltrating (A) neutrophils (B) NETs-forming neutrophils (C) CD3+ T cells and (D)
CD8+ T cells were all increased in metastasis tissues compared to tissues from diagnostic tissues (*P = 0.034, *P = 0.035, **P = 0.006, and *P =
0.019 respectively). (E, F) Representative images of NE (green), and H3 (red) staining for evaluating the number of TINs and the extent of NETs
release in primary and metastatic OS tissue samples. High H3 signal and co-localization with NE (yellow arrows) represent NETs-forming cells, but
cells without NETs had no H3 signal (oranges circles). (G, H) Representative images of CD15 (orange), CD3 (red), and CD8 (green) staining for
evaluating the number of neutrophils and CD3 T cells and CD8 T cells in primary and metastatic OS tissue samples.
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FIGURE 4

Predictive markers for OS overall survival. The predictive power of prognostic factors such as (A) blood neutrophils-to-lymphocytes ratio (NLR),
(B) number of TINs, (C) number of TILs, (D) NETs release, and (E) the number of infiltrating CD8 T cells were calculated using Log-rank test of
Kaplan-Meier analysis for overall survival (OS) as well as progression-free survival (PFS). None of the investigated markers predicted significant
differences in overall survival or progression-free survival except increased NETs release, which significantly correlated with shorter overall survival.
Conversely, a higher number of infiltrating CD8 T cell was associated with both longer overall and progression-free survival.
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FIGURE 5

Validation cohort. TINs and NETs release was evaluated in tissue samples in 4 patients at diagnosis compared to samples from relapses. (A, B) TINs
and NETs-forming neutrophils, grouped for patients with pulmonary relapses. Both TINs and NETs release were significantly elevated in pulmonary
metastatic sites compares to the primary disease site (P = 0.018 and P = 0.036 respectively). (C, D) TINs and NETs-forming neutrophils for patient 4
who had osseous relapse. TINs and NETs were similar in osseous metastatic sites and the primary disease site (P = 0.836 and P = 0.336 respectively).
(E) Representative microscopy images of samples from primary disease site and subsequent pulmonary metastasis in patient 3. (F) Representative
microscopy images of samples from primary disease site and subsequent osseous metastasis in patient 4.
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increase compared to baseline levels after four hours of incubation

(Figures 6A, B, P < 0.05).
Discussion

Osteosarcoma is a highly aggressive malignancy, treated with

neoadjuvant chemotherapy using MAP. However, up to 35% of

patients show poor response to MAP treatment, highlighting the

need for biomarkers for early detection of this group of patients.

Recently, the exploration of biomarkers pertaining to the tumor

immune microenvironment (TIME) has received increasing

attention including in OS (25–27). While the primary focus has

been on T cell function (28–30), the role of neutrophils in OS remains

relatively underexplored. Neutrophils seem to play a pivotal role in

the TIME. Evidence from various solid tumors suggests a potential

critical role for neutrophil infiltration in carcinogenesis, with both

tumor infiltrating neutrophils and high neutrophil to lymphocytes

ratios associated with poor patient outcome (31, 32).

Moreover, NETs, consisting of extracellular DNA webs, have

been implicated in promoting metastasis by capturing circulating

tumor cells and enhancing metastatic niches through

neovascularization, enrichment of growth factors, and the

potential reactivation of dormant cancer stem cells, ultimately

contributing to the formation of metastatic foci (19, 33, 34).

In our study, NETs exhibited not only greater prevalence in OS

tissues compared to OB, but also held prognostic significance.

Consistent with prior findings, tumor-infiltrating lymphocytes

(TILs) and TINs did not correlate with response to neoadjuvant

MAP therapy. Conversely, the presence of NETs demonstrated a
Frontiers in Oncology 11
strong association with limited necrosis following MAP

neoadjuvant treatment, highlighting NETs as a potential

biomarker for poor response to MAP neoadjuvant therapy.

Looking into the evolution of the TIME during disease

progression by comparing the immune landscape of primary OS

biopsies with pulmonary metastases, our analysis revealed a more

pronounced infiltration of immune cells within the metastatic

lesions, including significant increase in neutrophils, CD3+ and

CD8+ T cells. Additionally, NETs release was significantly elevated

in metastases compared to primary tumors. Notably, while other

immune cell types exhibited a range of infiltration levels, all

metastatic specimens displayed NETs in approximately 60% of

their neutrophils. Moreover, in lung metastasis, T-cells and

tended to localize in different zones than neutrophils did (can be

seen in Figure 3H). While we could not determine if the T cells were

lung resident or infiltrating, it is plausible that neutrophils inhibited

local T cell infiltration in metastatic sites via secreted cytokines or

metabolic competition. These findings support the emerging

understanding of NETs playing a pivotal role in shaping the

metastatic niche within the lung. To strengthen the

generalizability of our findings, we employed an external

validation cohort that allowed to follow 4 individual patients

during the course of disease, with recurring, surgically resected,

metastases. Longitudinal analysis of these samples revealed a trend

of increasing NETs release within the pulmonary metastatic lesions

over time. These findings further emphasize the distinct immune

phenotypes observed in pulmonary microenvironments and lend

support to the hypothesis that NETs formation correlates with

disease aggressiveness. Similar trend was not seen in osseous relapse

sites, but these results are limited to a single patient.
FIGURE 6

Ex vivo NETs formation using serum from patients with OS on freshly isolated neutrophils. Serum samples from patients with OS at diagnosis and
from pediatric controls were incubated with freshly isolated neutrophils from healthy volunteers. NETs release was monitored by means of live cell
imaging (Incucyte S3, Sartorius). (A) NETs release following incubation with serum of patients with OS (n = 3, Stable 2) was significantly increased
compared to serum of pediatric controls (n = 3) (at 3h *P = 0.0247 and at 4h **P = 0.0087). (B) Representative images of experimental data at 0 and
180 min. All cells are marked with yellow edges, while NET-forming cells are colored magenta.
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We leveraged our findings to develop a prognostic model for

survival based on the extent of NETs release, as determined in

diagnostic OS samples. Kaplan-Meier survival curves demonstrated

a clear stratification of risk based on NETs release, where patients

with high NETs had an overall survival of 53.7 months, compared

to 71.5 months for patients with low NETs burden at diagnosis.

These findings support the role of NETs as an independent

prognostic factor for unfavorable treatment outcomes.

To elucidate the potential role of soluble factors in NETs

induction, first we employed conditions media from U2-OS cell

line, which did not result in NETs release (data not shown). Next,

we applied available patient serum samples to stimulate neutrophils

from healthy volunteers. This approach was compared to control

serum obtained from healthy individuals. Our analyses revealed

that incubation with patient serum was sufficient to induce

significant NETs release, whereas control serum from healthy

individuals did not elicit such a response. These findings suggest

that neutrophil activation and subsequent NETs release can be

triggered by soluble factors present in the serum, independent of

direct cell-cell contact. Few different serum elements could possibly

be inducing NETs, including pre-inflammatory chemokines or

cytokines (IL-6, IL-8, GM-CSF, TNF), damage-associated

molecular patterns (DAMPs, such as HMGB1), complement, and

metabolic changes (such as Uric acid). Our findings might open an

avenue for future non-invasive screening test for chemotherapy

resistance based on induction of NETs formation.

While our findings suggest NETs as an independent prognostic

factor in OS, the study’s limitations include the need for larger

validation studies and further exploration of the mechanisms by

which NETs contribute to chemoresistance. In multiple myeloma,

NETs have been shown to internalize chemotherapy drugs,

reducing their efficacy. Moreover, degrading NETs through

DNase treatment could abrogated the observed effect and restored

chemosensitivity in animal models, suggesting a potential

mechanism for NETs in chemoresistance (35). This mechanism

may also apply to OS.

In conclusion, NETs offer a promise as a prognostic marker and

therapeutic target in OS, potentially guiding treatment decisions

and improving outcomes. Further research into NETs-targeted

therapies may help mitigate their role in OS progression.
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