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GENERAL INTRODUCTION AND THESIS OUTLINE



Chapter1

Musculoskeletal tumors are classified as sarcomas in case of malignancy. Sarcomas
encompass a rare and complex group of mesenchymal tumors that may show a broad range
of differentiation. They can originate in bone or soft tissues, representing less than 1% of all
adult malignancies and approximately 10% of all pediatric cancers [1-3]. Bone sarcomas, of
which some can expand from bone into soft tissue, make up 20%, whereas soft tissue sarcomas
(STS) comprise 80% of all sarcomas [2].

The clinical presentation of sarcomas is highly variable and depends upon tumor localization
and aggressiveness. Generally, bone sarcomas are painful and most frequently arise in the
long bones, particularly in areas with rapid bone growth during childhood and adolescence [4].
Contrarily, STS often manifest as a slowly enlarging, painless mass, primarily in the soft tissue of
the extremities (59%), followed by the torso (18%), retroperitoneum (13%), and head and neck
(10%) [5]. Due to the lack of symptoms in many STS cases, delayed presentation and diagnosis
are common [6]. Moreover, the tumor’s rarity often leads to misdiagnoses [7]. Consequently,
patients frequently undergo inadequate diagnostic procedures or lack preoperative imaging
before resection. Subsequently, up to 50% of patients with STS undergo an unplanned, non-
oncologic excision for an inadvertently misdiagnosed mass, which is known as a “whoops”
resection [8]. Such a whoops resection has multiple implications, including an increased risk
of local recurrence and morbidity [7]. In order to minimize those whoops resections, guidelines
state that the following features warrant further evaluation at an experienced sarcoma center:
size of the mass is greater than 5 cm, the mass is deeply situated (into or below the muscle
fascia) and/or (a history of) rapid growth of the mass [9].

Histopathology plays a crucial role in accurately diagnosing and classifying sarcomas, as
different types of sarcomas have distinct histological features. The “World Health Organization
Classification of Soft Tissue Tumours” was updated in 2020 for the purpose of uniformity
in the classification because over 70 STS subtypes have been described, each with distinct
behavioral, clinical, and prognostic features [2,5]. Inmunohistochemistry (IHC) and molecular
testing can aid in identifying the specific sarcoma subtype, which is crucial because the
diagnosis guides treatment decisions and prognostic assessments. To this end, an experienced
and specialized treatment team is essential. In the Netherlands, the Bone Tumor Committee
embodies such a team. This multidisciplinary group consists of pathologists, radiologists,
pediatric and medical oncologists, and orthopedic-, head and neck- and neurosurgeons. The
committee reassesses edge cases on a monthly basis, and the combined experience of this
group results in alteration of a diagnosis and subsequent treatment strategy in approximately
20% of the discussed cases, which emphasizes the complexity of a radiological and histological
diagnosis [10,11]. Centralization increases the caseload for the individual centers, which
is critical for the multidisciplinary team to build and maintain sufficient experience and
knowledge. For adult sarcoma patients in the Netherlands, bone sarcoma care is centralized in
the academic hospitals of Amsterdam (AMC), Groningen (UMCG), Nijmegen (Radboudumc), and
Leiden (LUMC). In 2018 the Princess Maxima Center (PMC) for pediatric oncology was opened to
centralize and optimize care for pediatric patients with a bone sarcoma. With regards to STS,
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centers of expertise include AMC, UMCG, Radboudumc, LUMC, PMC (for pediatric patients),
Antoni van Leeuwenhoek (AvL/NKI), Maastricht UMC+, and Erasmus MC.

Historically, amputation was the mainstay of treatment for extremity sarcoma. Wardrop was
thefirst to publish anillustration of such an amputation for “soft cancer” in 1809 (figure 1) [12].
Although amputation yields a maximal oncological result, functionalimpairment and phantom
pain are significant downsides [13]. Alternative treatment options arose in the 1970s, supported
by the possibility of early detection by radiological imaging and treatment options such as
radio- and chemotherapy. Between 1975 and 1981, an innovative randomized controlled trial
was performed in which one group received amputation at or above the joint proximal to
the tumor, and the other group limb-sparing resection plus postoperative radiotherapy. No
significant differences were reported in disease-free survival rates or overall survival rates
after 5 years [14]. With regards to the limb-sparing group, multivariate analyses indicated
that the only correlate of local recurrence was the resection margin, as positive margins had
a higher likelihood of local recurrence compared with those with negative margins, even when
postoperative radiotherapy was used [14]. As a result, treatment shifted from amputation
to limb-sparing surgery with the goal of achieving negative margins for improved clinical
outcomes.

Figure 1. The first illustration of an amputated arm with “soft cancer” by Wardrop in 1809 [12].

Although the importance of negative margins is well established, achieving them remains
challenging, particularly when tumor tissue is surrounded by vital neurovascular, visceral or
bony structures, located in deeper or complex anatomical regions, or growing in an highly
infiltrative pattern [15]. A growing sarcoma compresses surrounding normal tissue, leading to
the formation of suppressed normal tissue with poorly defined margins and fingerlike tumor
projections which can infiltrate adjacent tissues [16]. Current preoperative imaging modalities,
such as magnetic resonance imaging (MRI) and computed tomography (CT), are used to
identify the tumor location. However, these preoperative images fail to precisely correlate with
the intraoperative situation due to various reasons. First, these images are limited to a two-
dimensional space, while surgery is performed in a three-dimensional environment. Secondly,
they do not precisely overlap with the intraoperative situation due to tissue manipulation and
positioning. Thirdly, infiltrative growing sarcoma subtypes, such as Myxofibrosarcoma, have
long slender tails, which are difficult to detect with preoperative imaging but can be seen by
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histology after surgical resection [17]. Due to these drawbacks, surgeons currently mostly rely
on tactile and visual feedback during surgery, hampering accurate tumor border identification.

Intraoperative tumor margins are not regularly checked by consulting a pathologist during
the operation, examining the provided tissue for irradical resection margins by performing
frozen section histochemistry [18]. Importantly, this technique suffers from sampling errors as
surgeons often struggle to identify which suspicious regions should be sent for histopathologic
assessment [19]. Besides, frozen section analysis is time-consuming and expensive because
the frozen tissue has to be sliced and stained before microscopical examination by a
pathologist can be performed, which takes approximately 15-30 minutes per section [20,21].
As a consequence, this technique is of limited utility, and incomplete resections with inherent
undesirable outcomes, such as an increased risk of local recurrence and decreased survival,
remain relatively common in sarcoma patients [15,22-24]. As such, innovative techniques
facilitating real-time intraoperative tumor delineation are of utmost importance to optimize
patient outcomes after sarcoma surgery, which is the focus of part | of this thesis.

Once adequate resection of the tumor has been established, the next phase involves
reconstruction and fixation. Tumor resections can cause large residual osseous defects and
loss of soft tissue stabilizers, with potentially deleterious effects on both function and viability
of the limb [25]. Therefore, reconstructions with biological constructs, such as autografts
and allografts, and/or orthopedic implants are often required to maintain limb function
and bone strength [26]. Reconstructive implants encompass a range of options including
megaprosthesis, plates, nails, and spine implants [27]. Ideally, these implants allow complete
bone healing by providing stability with a material specific stiffness that is close to the stiffness
of bone, minimize the risk of infection and implant failure, and address specific requirements
for oncological patients. These specific requirements include facilitating adequate surveillance
imaging for residual tumor or local tumor recurrence during follow-up, as well as enabling
precise planning and delivery of postoperative radiotherapy.

Metal, like stainless steel or titanium, has been the foundation for many orthopedic implants
due to multiple advantages such as strength, ease of machining and low cost [28]. However,
a major disadvantage is the radiodensity of metal which causes artifacts on radiographic
imaging, complicating recognition of residual tumor or local tumor recurrence [29]. This
precludes accurate radiographic visualization for oncological follow-up and bone union and
impedes precise postoperative radiation planning and delivery. Moreover, the stiffness of
metal (200 gigapascal [GPa] for stainless steel and 110 GPa for titanium) is much higher than
the human cortical bone (12 GPa), which may shield the underlying bone from stress and could
lead to reduced bone quality [30]. Other disadvantages of metal implants include limited
fatigue life, potential for generation of wear debris, and cold welding. Consequently, thereis a
demand forimproved orthopedicimplants, which is discussed in detail in Part Il of this thesis.

10
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Part I: Fluorescence-guided surgery

An upcoming tool enhancing adequate resection margins in surgical oncology is fluorescence-
guided surgery (FGS), which exploits the advantages of near-infrared (NIR) light. Lightin the NIR
spectrum (650-900nm) has a tissue penetration depth of several millimeters to a centimeter
and almost no autofluorescence is exhibited by biological tissue [31]. Besides, the surgical
field is not altered by NIR light because light in this spectrum is invisible to the human eye [32].
Requirements for FGS include a fluorescent tracer and a dedicated camera system of which
several are clinically available [33,34]. FGS can be subdivided into non-targeted and targeted
(tumor-specific), depending on the tracer. Non-targeted FGS mostly uses the clinically available
fluorescent dye indocyanine green (ICG). Once administered intravenously, ICG accumulates
in tumors due to their leaky vascular capillaries and decreased lymphatic drainage, which is
referred to as the enhanced permeability and retention (EPR) effect (figure 2) [35].

Angiogenic blood vessles in tumors

/ ICG injected intravenously
can enter tumors passively
Leaky vasculature "'T via the EPR effect Normal

in tumors @ Tumor - vasculature
£
Extravasation and b e »
retention of ICG in \rb — -
the tumors R ~Lymphatic drainage

Figure 2. Graphical overview of the enhanced permeability and retention (EPR) effect after intravenous
injection of indocyanine green (ICG) for non-targeted fluorescence-guided surgery. Adapted and modified
from Jhaveri and Torchilin [36].

However, use of the EPR effect forimaging is unpredictable because it is influenced by factors
such astumor type, size, presence of necrosis, location, inflammation, and vascular mediators.
This can result in inconsistent ICG signal intensity across heterogeneous sarcomas [37].
Consequently, it can lead to false negative as well as false positive fluorescence signal. This
can potentially lead to under- or over-resection, resulting in incomplete tumor resections,
increased functional impairments, and wound complications [38]. Targeted FGS, which can
be achieved by utilizing a tumor-specific tracer (i.e., fluorophores conjugated to sarcoma-
specific targeting moieties such as antibodies or peptides), could theoretically overcome the
drawbacks of ICG (Figure 3). Targeted FGS has already been explored for various tumor types
with encouraging results, indicating its potential in future sarcoma surgery [39].

11
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MIR camera and light source

Requirements for targeted fluorescence-guided surgery

Flugrescent signal in the NIR spectrum et
Flubrescent sigrial in-the NIRSgectiim :.\}" Tumor (cell) with a tumer specific target
=

o ) 4 Turmor specific tracer
(i.e. antibody flucrophore conjugate)

Dedicated camera system

Figure 3. Targeted fluorescence-guided surgery. A tumor-specific NIR fluorescent tracer, such as an anti-
body conjugated with a fluorophore, is administered intravenously or topically to a sarcoma patient. The
tracer binds specifically to the tumor (cells), and the surgeon is able to delineate tumor tissue from adjacent
healthy tissue with the help of a dedicated camera system. The surgical field is not altered because NIR light
is invisible to the human eye. The surgeon may see the camera records on a computer monitor, goggles, or
wall projector (monitor form is shown in this figure).

To date, clinically available tracers that specifically target sarcomas do not exist. Therefore,
Part | of this thesis focusses on the preclinical identification of biomarkers suitable for
targeted FGS in sarcomas. In this regard, Chapter 2 aims to systematically select candidate
biomarkers for specific intraoperative NIR fluorescence imaging, based on previously
published IHC studies. There is a particular focus on three relatively common and aggressive
STS subtypes with relatively high percentages of incomplete resections and local recurrences;
Myxofibrosarcoma, Undifferentiated Soft Tissue Tumors (formerly known as Undifferentiated
Pleomorphic Sarcoma), and Synovial Sarcoma. For cost- and time efficient clinical translation
purposes, the search has been restricted to clinically available monoclonal antibodies of
which safety profiles have already been demonstrated. Candidate biomarkers are ranked
according to a modified selection scoring system. Based on the results of this study, Chapter
3 comprehensively evaluates the most promising biomarkers in an IHC evaluation study
with Myxofibrosarcoma tissue samples containing adjacent healthy tissue. A pathologist
specializing in sarcomas has annotated the margin between the tumor and adjacent healthy
tissue in each Myxofibrosarcoma tissue sample. Subsequently, an objective scoring method
is developed and consequently evaluates the difference in staining intensity between the
tumor and adjacent healthy tissue, which is crucial for the application of FGS. Next, Chapter 4
introduces the concept of FGS for the most prevalent pediatric bone and soft tissue sarcomas,
specifically Osteosarcoma, Ewing Sarcoma, and Rhabdomyosarcoma. This chapter delves into
the prospects for clinical translation, assessing current literature as well as the advantages and
limitations associated with non-targeted and targeted FGS. Furthermore, a comprehensive
array of potential targets is presented. Subsequently, we explore the utility of antibody-
based tracers, due to their time- and cost-efficient translational perspective. Lastly, Chapter

12
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5 advances with IHC-, flow cytometry- and fluorescence microscopy- experiments to evaluate
potential targets for FGS in pediatric Ewing Sarcoma. Next, in order to demonstrate feasibility,
we present the topical application of three antibody-based NIR tracers on freshly resected
human tissue.

Part Il: Carbon-Fiber Implants

Once adequate resection of the tumor has been established, the next phase involves
reconstruction and fixation. A promising alternative to current metal implants is carbon-
fiber (CF), reinforced with polyetheretherketone. CF has several material specific advantages
over current metal implants. First, its radiolucency allows for precise radiation planning and
delivery. In addition, CF’s radiolucency allows for better radiologic visualization of local tumor
recurrences and bone healing, thereby facilitating improved postoperative follow-up for
oncological patients [40]. Second, the modulus of elasticity of CF (13 GPa) is close to cortical
bone, which theoretically leads to less stress shielding and improved bone quality compared
to patients treated with metal implants [41]. Subsequently, good bone quality enhances
functionality and reduces the risk of fractures. Third, CF has the capability to withstand
prolonged fatigue strength compared with current metal plates during in vitro tests [42].
Although CF implants are increasingly used within the field of orthopedic surgery, including
spine, trauma, and oncology, their reported experience remains limited and is often based on
a single center’s experience. Multicenter collaboration is essential to acquire sufficient data
from these CFimplants, especially for sarcoma patients. Therefore, we created an international
collaboration, the “Carbon-Fiber International Collaboration Initiative” research group, and
set up an online registry. Prominent academic and non-academic hospitals from Europe, the
Middle East, the United Kingdom, and the United States of America joined the initiative and
entered their data concerning oncological patients treated with CF implants in the registry. In
this thesis we report on the first results, including data from patients treated with CF plates,
nails, and spine implants. The registry is designed to continuously include new cases and will
provide an ongoing database to assess safety and effectiveness of CF implants.

The primary objective of Chapter 6 is to identify complications of the treatment of patients
with bone tumors. Between February 2015 and May 2021, 13 centers have retrospectively
registered 96 patients with bone tumors that are reconstructed using CF plates. Complications
have beenidentified, and timing and etiology of complications were noted. Complications were
tabulated and classified based on mechanical, non-mechanical and pediatric complications.
Subsequently, the systematic review in Chapter 7 summarizes all available evidence up
until June 2023 on the use of CF plates for traumatic and (impending) pathological fracture
fixation. With regards to CF nails, Chapter 8 describes clinical outcomes of 239 patients
treated with CF nails for oncologic indications in the long bones. Next, Chapter 9 evaluates
the radiolucent properties of CF spine implants. Artefacts on computed tomography images
in patients with spinal oligometastatic disease are compared between CF and titanium in 22
patients undergoing stereotactic ablative radiotherapy. Chapter 10 discusses the outcomes
of all chapters, places them into a clinical context and concludes with future perspectives.

13
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Simple Summary

Near-infrared imaging of tumors during surgery facilitates the oncologic surgeon to distinguish
malignant from healthy tissue. The technique is based on fluorescent tracers binding to
tumor biomarkers on malignant cells. Currently, there are no clinically available fluorescent
tracers that specifically target soft tissue sarcomas. This review searched the literature to find
candidate biomarkers for soft tissue sarcomas, based on clinically used therapeutic antibodies.
The search revealed 7 biomarkers: TEM1, VEGFR-1, EGFR, VEGFR-2, IGF-1R, PDGFRa, and CD40.
These biomarkers are abundantly present on soft tissue sarcoma tumor cells and are already
being targeted with humanized monoclonal antibodies. The conjugation of these antibodies
with a fluorescent dye will yield in specific tracers for image-guided surgery of soft tissue
sarcomas to improve the success rates of tumor resections.
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Abstract

Surgery is the mainstay of treatment for localized soft tissue sarcomas (STS). The curative
treatment highly depends on complete tumor resection, as positive margins are associated
with local recurrence (LR) and prognosis. However, determining the tumor margin during
surgery is challenging. Real-time tumor-specific imaging can facilitate complete resection by
visualizing tumor tissue during surgery. Unfortunately, STS specific tracers are presently not
clinically available. In this review, STS-associated cell surface-expressed biomarkers, which
are currently already clinically targeted with monoclonal antibodies for therapeutic purposes,
are evaluated for their use in near-infrared fluorescence (NIRF) imaging of STS. Clinically
targeted biomarkers in STS were extracted from clinical trial registers and a PubMed search
was performed. Data on biomarker characteristics, sample size, percentage of biomarker-
positive STS samples, pattern of biomarker expression, biomarker internalization features, and
previous applications of the biomarker in imaging were extracted. The biomarkers were ranked
utilizing a previously described scoring system. Eleven cell surface-expressed biomarkers were
identified from which 7 were selected as potential biomarkers for NIRF imaging: TEM1, VEGFR-
1, EGFR, VEGFR-2, IGF-1R, PDGFRa, and CD40. Promising biomarkers in common and aggressive
STS subtypes are TEM1 for Myxofibrosarcoma, TEM1, and PDGFRa for Undifferentiated Soft
Tissue Sarcoma and EGFR for Synovial Sarcoma.
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Introduction

Soft tissue sarcomas (STS) are a heterogeneous group of mesenchymal tumors that represent
1% of all malignancies [1]. The incidence in Europe is estimated at 4-5/100.000 per year,
accumulating to approximately 18,000 new patients in Europe per year [2]. While most STS are
diagnosed in the extremities (60%), they can arise anywhere in the body [3]. There are over 50
histological subtypes of STS, each with distinct behavioral, clinical, and prognostic features [1].
Surgery of STS is the mainstay of treatment for localized disease. For the aim of curative surgery,
a tumor needs to be removed with a margin of normal tissue as the tumor pseudocapsule and
reactive zone are expected to contain tumor cells [4]. Clinical outcome after surgical treatment is
highly dependent on surgical resection margins, as tumor-positive margins are clearly associated
with local recurrence (LR), and indirectly associated with overall survival [5-7]. Further, close or
positive margins often necessitate the need for adjuvant radiotherapy to reduce the risk for LR
with about 50%, but this increases the risk for local complications [8]. However, determining the
surgical margin is challenging, particularly when tumor tissue is surrounded by vital structures
or in STS subtypes with a highly infiltrative growth pattern, such as Myxofibrosarcoma (MFS),
Undifferentiated Soft Tissue Sarcoma (USTS, previously called undifferentiated pleomorphic
sarcoma), and Synovial Sarcoma (SS). In these specific tumors, preoperative surgical planning is
complicated by current limitations in preoperative radiological imaging. The infiltrative growth
of sarcoma with long slender tails, clearly diagnosed by histology after surgical resection, is
sometimes difficult to detect with preoperative imaging [9]. Consequently, despite centralizing
STS treatment and (neo)adjuvant treatment modalities, positive margins and LR are still
common. Positive margins are 13%, 20% and 28%, with LR rates of 12% (5-year follow up), 40%
(10-year follow up), and 45% (5-year follow up) in SS, MFS, and USTS respectively [10-13]. The
real-time intraoperative tumor-specific imaging of STS could help the surgeon to discriminate
tumor from normal tissue, improving complete tumor resections and reducing LR rates. Near-
infrared fluorescence (NIRF) imaging is one of the most upcoming technologies in real-time
targeted imaging as it facilitates surgeons to visualize tumor tissue during surgery. It has been
explored for various tumor types with promising results and is expected to play an important
role in future surgery of STS [14].

Three important parameters define successful NIRF tumor-specific imaging: a tumor-specific
biomarker, a targeting moiety conjugated to a fluorescent dye/fluorophore (tracer),and a NIRF
camera system. In NIRF imaging, light in the near-infrared (NIR) wavelength is used (650-900
nm). In this region, tissue penetration of light is relatively high, due to low tissue absorption,
and the autofluorescence of normal tissue is limited [15]. Light in the NIR region is invisible
to the human eye and therefore a dedicated NIRF camera system is needed, which has the
advantage that the surgical field is not altered by the fluorescence from the tracer. Clinical
NIRF cameras of various companies are available [16].

The search for a tumor-specific biomarker for NIRF imaging of STS is complex, because
of the rarity and heterogeneity of the disease. The ideal biomarker should be highly and

24



Candidate Biomarkers for Specific Intraoperative Near-Infrared Imaging of Soft Tissue Sarcomas: A Systematic Review

homogenously expressed on tumor cells of most subtypes of STS, while being absent on
adjacent healthy tissue. Like for other cancers, the biomarker should preferably be located
on the cell surface of malignant cells to permit direct targeting and have the possibility of
internalization (endocytosis of an extracellular molecule upon binding to a specific protein
on the cell surface) to facilitate a long-lasting fluorescence signal. Ideally, this biomarker is
still present on residual cells after neoadjuvant therapy.

Fluorescent tracers for tumor biomarkers are generated by the conjugation of a fluorescent
dye/fluorophore to a targeting moiety. Various fluorophores are available and some are
clinically approved [14]. Targeting moieties consist of proteins, like monoclonal antibodies
or fragments thereof, peptides, RNA aptamers, or other small synthetic molecules. Monoclonal
antibodies are the most widely used targeting moieties in biotherapy and imaging. The
advantages of antibodies are their specificity, affinity, flexibility, and relatively long plasma
half-life. To minimize immune reactions, human(ized) versions are mostly used. A disadvantage
of antibodies for the use of imaging is the relatively high costs of development, which is
particularly relevant for rare diseases like STS. In the past decade, therapeutic antibodies
have been equipped with NIRF dyes and evaluated for imaging of common cancer types, like
breast and colorectal cancer [14].

Elaborating on this approach, the aim of this systematic review is to select candidate
biomarkers for specific intraoperative NIRF imaging of soft tissue sarcomas. STS are arare and
heterogeneous group of tumors. The development of a specific tracer for NIRF imaging that is
not already clinically used in therapy would be very challenging as it would be costly and time
consuming. Therefore, the search is restricted to clinically available monoclonal antibodies of
which the safety profiles are already demonstrated and a translation towards a tracer for NIRF
imaging can be expected. The overall purpose of this evaluation is to find optimal biomarkers
for the three most common and aggressive STS subtypes MFS, USTS, and SS, which account
for challenging resections and currently result in high rates of local recurrences.

Materials and Methods

Search strategy

An initial search was performed to find clinically available monoclonal antibodies targeting
STS. The EU Clinical Trials Register (www.clinicaltrialsregister.eu/) and clinical trials.gov
(clinicaltrials.gov/) databases were searched with the keyword “Soft tissue sarcoma”, and all
clinically available monoclonal antibodies targeting STS were listed. Next, a PubMed search
with the respective biomarkers targeted by those monoclonal antibodies was created with
the assistance of a medical librarian (Appendix A). The search was done in August 2019 and
updated in September 2020 due to the publication of multiple relevant articles between August
2019 and September 2020. This systematic review was performed following the Preferred
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Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) guidelines of 2009
(registration ID: CRD42020206473) [17].

Eligibility Criteria

Studies were eligible for inclusion if they met the following criteria: (1) report of expression of
cell surface-expressed biomarkers in STS for which a clinically available antibody was present,
(2) at least 95% of the included tumor samples were primary STS, (3) sample size of at least
4, (4) published in the English language, and (5) full text was available. The eligibility of the
studies was assessed by two authors (Z.R. and A.N.S.). Disagreements were discussed with a
third reviewer (P.B.A.A.D.). Animal studies, xenograft studies, cell line studies, articles without
positive and negative control samples, case reports, reviews, viewpoints, conference reports,
meeting abstracts, letters to journals, or editors were excluded.

Data Extraction

The following data were extracted from eligible studies: target characteristics, sample size,
type of sample, percentage of positive STS samples, localization of expression, pattern of
expression, positive and negative controls, internalization, and previously imaged. A second
tumor type independent search was performed for data on internalization and previous
imaging of targets where no information was found after the first search (Appendix B). Data
on safety profiles of monoclonal antibodies was acquired through the search of Appendix A.

Biomarker Selection Scoring System

In order to select the optimal biomarkers for tumor specific NIRF imaging in STS, we developed
a target selection scoring system. The scoring system is based on the modified version of the
Target Selection Criteria (TASC), developed by Bosma et al. [18]. The scoring system is based
on five domains (Table 1).

Sample size. The number of samples indicate how much evidence is acquired.
Percentage of biomarker-positive STS samples. This is calculated based on the amount
of STS samples that positively showed presence of the biomarker in each included
article, independent of the percentage of positive tumor cells within each sample.
Immunohistochemistry was used to assess the percentage of positive STS in tissue
samples.

3. Pattern of expression. Ideally, the target is expressed diffusely by all tumor cells
(particularly at the tumor border) to guide surgical resection. The pattern of expression
is defined as diffuse when expression is randomly spread throughout the tumor sample
and focal when expression is located in a specific region of the tumor sample. When
different samples show variable expression patterns (diffuse and focal), the expression
pattern for the whole cohort is defined as heterogeneous. No distinction was made
based on exact location of expression within tumor samples. While this review
included studies evaluating tissue samples and tissue microarrays, data regarding the
pattern of expression was extracted from studies including tissue samples.
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4. Internalization. This isimportant because internalization after binding of the tracer
creates a long-lasting signal for tumor-specific imaging.

5.  Previously imaged. If there is prove that imaging is possible, it has more potential to
be translated to the clinics. The distinction between imaging with or without NIRF
is important for its applicability in NIRF imaging. This criterium was tumor type
independent.

The maximum score for a target is 9 points, 7 was chosen as the cut-off value for promising
targets for tumor specific NIRF imaging in STS.

Table 1. Target selection scoring system.

Score 0 1 2

Sample size 0-100 101-500 >500

Percentage of positive  0-33% 33-67% >67%

STS samples

Pattern of expression*  Focal Heterogeneous Diffuse

Internalization notdescribed  Yes

Previously imaged notdescribed Yes, but notwith NIRFimaging  Yes, with NIRF imaging

Note. * Pattern of expression is focal when expression is located in a specific region of the tumor sample
and diffuse when expression is randomly spread throughout the tumor sample. When different samples
show variable expression patterns (diffuse and focal), the expression pattern is defined as heterogeneous.

Results

Study selection

Our analysis of the EU Clinical Trials Register (https://www.clinicaltrialsregister.eu/) and clinical
trials.gov (https://clinicaltrials.gov/) revealed the following clinically available monoclonal
antibodies targeting STS-associated cell surface-expressed biomarkers (Table 2): Ontuxizumab
(MORAb-004) [trial number: NCT01574716] targeting tumor endothelial marker 1 (TEM1),
recombinant monoclonal antibody Aflibercept [NCT00390234] and humanized monoclonal
antibody Bevacizumab [NCT03913806] targeting vascular endothelial growth factor A (VEGF-A),
thereby indirectly targeting vascular endothelial growth factor receptor-1 (VEGFR-1) and vascular
endothelial growth factor receptor-2 (VEGFR-2), Ramucirumab [NCT04145700] targeting VEGFR-
2, Cetuximab [NCT00148109] targeting epidermal growth factor receptor (EGFR), Ganitumab
(AMG 479) [NCT03041701], Teprotumumab [NCT00642941], Cixutumumab [NCT01016015] and
Figitumumab [NCT00927966] targeting insulin-like growth factor 1 receptor (IGF-1R), Olaratumab
[NCT03126591] targeting plateled derived growth factor a (PDGFRa), APX005M [NCT03719430]
targeting cluster of differentiation 40 (CD40), Atezolizumab [NCT03474094], Avelumab
[NCT04242238], Durvalumab [NCT03317457], and Envafolimab [NCT04480502] targeting
programmed death-ligand 1 (PD-L1), ABBV-085 [NCT02565758] targeting leucine-rich repeat
containing 15 (LRRC15), CAB-ROR2-ADC [NCT03504488] targeting receptor tyrosine kinase-like
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orphan receptor 2 (ROR2) and Ipilimumab [NCT04118166] and Tremelimumab [NCT03317457]
targeting cytotoxic T-Lymphocyte-associated protein 4 (CTLA-4).

The PubMed search based on the cell surface-expressed biomarkers targeted by clinically
available monoclonal antibodies identified 1856 articles (Figure 1). After screening of the
titles and abstracts, 1604 articles were excluded. Subsequently, 252 full-text articles were
assessed for eligibility. 171 articles did not meet eligibility criteria: 107 articles did not study
expression of the included biomarkers on human STS cells, for 19 articles data was not suitable
for extraction, 16 articles had a sample size of less than 4 samples, 11 articles did not have
full-text available, 10 articles had more than 5% of samples which were not primary STS and
therefore their results were no longer a valid representation of STS samples, and 8 articles
were reviews or letters to journals without an accompanying methods section. Data regarding
internalization and previously imaged was not always described in STS. Therefore, a separate
search was performed to obtain these data from other tissue types (Appendix B). This resulted
in an additional 16 included articles. Ultimately, 97 articles were included for this review.

28



Candidate Biomarkers for Specific Intraoperative Near-Infrared Imaging of Soft Tissue Sarcomas: A Systematic Review

qewljojeaus
[ooT] (@snyip qewnjening
SuiSew pue |e20y) gewn|aay  (TH-L9 /.2 0D /11-Ad) T
[8T1T-TOT] 9 4¥IN [66] ‘s9A  snoauda3ota31aH (9L-0) %TE  T6VT qewnzijozaly puesi|-yjeap pawieisoid
[¥6] Suidewn (ovad) or
[86-56] L 4¥IN [€6] ‘saA asnyla (98- LT) %29 €51 ING00XdY  UOIIelIUSIaIp JO J33sN|D
[c6 (Pp¥49ad)
-18°C8‘9L°SP'ey [98] Buidew 0 J0}dadaJ 10308}
-9£‘ze0€°82°12] L 4¥IN [68] ‘soA asnyia (00T-0)%¥9  9€ST gewnjiele|Q YImou3 paLIap 13)33e]d
qewnwny3i4
gewnuwninxi)
[22] 8uiBewt gewnwnyoida] (41-491) J03dadai T
[¥8-8L85°L8] L 4YIN [9L] ‘saA asnyla (00T - ST) %EY L0S (6.7 OINY) qewniiuen  103dej Yimoud xij-ulnsu|
gewnupnuwey (¢-¥493A)
[sL [c2] BuiBew qewnzioensag  z-103dedal 101oe) YyIMoud
-gL'ee‘ze‘oe-LT] L 4YIN [T2] ‘saA asngla (00T -TT) %IL (344 1dadJaqIyy 1eljayiopus Jejnosep
[g€] BuiSew (4493) J0adadau
[02-9¢TT] 8 4¥IN [v€] ‘soA asnyia (00T-0)%ES  8T6T qewixn}d)  Jodejyimoud jewspidy
[sTvT] (T-4493A)
SuiSew! gewnzpoenag T-103da2a1 J03oR) YMoa3
[e€-97] 8 4¥IN [vT] ‘seA asngla (00T -2T) %9. Ly 1daduaqiy Jenjaylopus Jejnosep
(8¥zad
[0¢] Buiew (¥00 /uneisopus /TN3L) T
[ez-07] 6 4¥IN [6T] ‘soA asngla (00T -SS) %L 89/  -qVYOW)qewnzixnjuQ JIaJiew |erjaylopus jowny
(98ueu
paSeuw uoissaidx3y +opuedw)sis Apoqnue
ainjedyi] 240dS  A|snoindud uonezieutdnu| Jo uianjed annsod o, N snnadesayl Jxsewolg

*(9400s B149}140 UOI309]95 195483 PalJIPOW a3 JO J9PJ0 SUIPUSISIP Ul) SI9XIBWOI] PIMBIADI UDAR)D Sulpiedal ejep pazilewwns *g a)qel

29



Chapter2

"92UIIS2U0N]Y PAUDLUI-IDIU JYIN DWOIIDS dNSSII YOS ‘S| S S9]dWDS JO JdqUINU [DIOY ‘N :SUOIIDIAIGQY

[ozT]
SuiSew (¢51@2/¥-v11D)
44IN qewnuwijawal ¥ u10.4d pajerdosse
[es] 4 YaM ION lozT] ‘saA paqusap JoN %0€ 0T qewnuwiid]  -93£00ydwiki-1 91x03034)
(cd0v)
paquosap z 103dad34 ueydio ayl
[611] € 10N PaquIIsapIoN paquasap 1oN %L LET 2QV-7HOY-9YD  -dseup| dulsolk} oydaday
paquasap (STD¥¥1) ST Buluieuod
[coT] 4 JON  Paqudsap 10N asnyia %0% G€9 G80-A9QY jeadau you-aupna
(98ueu

paSewl uoissaidxy +opueaw)sis Apoqnue

ainjelall] 94100S >_m:o_>w._n_ uoljezijeusaljuj Jo uialjed w>_u._mon % N u_uswnm‘_w_‘_._. J9) ewolg

(panuiau02) *(103S 1493140 UOI3I3]9s 193483 PalJIPOW dY3 JO JaPJ0 SUIPUSISIP UI) SIDXIEWOIq PAIMBIASI UDAS]D SulpieSal elep paziewwns *z ajqeL



Candidate Biomarkers for Specific Intraoperative Near-Infrared Imaging of Soft Tissue Sarcomas: A Systematic Review

Recordsidentified through
database searching
(n=1856)

Recordsidentified after duplicates
removed
(n=1856)

—_ >

Records excluded due to among others
(n=1604):

- Not about STS
- Data not from tissue samples
- Animal studies

- Not in English language

Full-text articles excluded:

- Not about expression of included

biomarkers on human STScells (n =107)
- Data not suitable for extraction (n =19)
- Sample size of <4 (n =16)
- No full-text (n=11)
- More than 5%not primary STS(n = 10)
- Review or letter to journal (n =8)

Full-text articles assessed
for eligibility
(n=252)

Additional articlesincluded regarding
internalization and previously imaged
through second search strategy
(n=16)

Sudiesincluded
(n=97)

[ Included J[ Higibility J[ Screening J[ Identifioation]

Figure 1. Flowchart study selection process.

Candidate biomarkers

A modified Target Selection Criteria TASC)-scoring system was applied to eleven cell surface-
expressed biomarkers (Table 1). Seven promising candidate targets for NIRF imaging emerged
with a minimum score of 7 out of 9. The biomarkers arranged in descending order based on
their scores were: TEM1 (9), VEGFR-1 (8), EGFR (8), VEGFR-2 (7), IGF-1R (7), PDGFRa (7) and CD40
(7). Further details of these biomarkers are described below and in Table 2, focusing on their
physiological role, expression in STS, the availability of clinically used monoclonal antibodies
targeting these biomarkers, and latest developments.

TEM1

Tumor Endothelial Marker 1, also referred to as Endosialin or CD248, is a highly glycosylated
type I transmembrane protein classified among the C-type lectin-like domain superfamily 14. It
has been suggested that TEM1 plays a critical role in wound healing and angiogenesis [121,122].
Moreover, while it is expressed minimally in normal conditions, it is markedly upregulated in
the setting of injury and malignant tumor growth. In (soft tissue) sarcomas TEM1 was observed
to be present on malignant cells [22]. Stromal TEM1 promotes spontaneous metastasis and
TEM1-expressing pericytes were shown to facilitate distant site metastasis by stimulating
tumor cell intravasation [123]. Furthermore, TEM1 expression is associated with enhanced
tumor growth, presumably due to tumor-specific angiogenesis [124].
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The presence of the biomarkerin STS samples, regardless of the percentage of positive tumor
cells, was determined on both tumor and stromal cells for TEM1. In STS, 77% (range 55 - 100%,
n=768) of the samples showed presence of TEM1 on average, reported in 4 different articles
[20-23]. Staining was performed in 17 subtypes of STS (Appendix C). The expression pattern
for TEM1 was diffuse. Corresponding to the expression in other cancer types, TEM1 expression
is correlated with advanced tumor grade in STS [121,125].

In MFS it was demonstrated that TEM1 was present in all 34 investigated samples, with a
diffuse pattern of expression [21]. Staining was negative or very limited in normal adjacent
tissue such as muscular fascia and peripheral nerve bundles. For USTS an average of 81%
(range 73 - 89%, n=128) of the samples expressed TEM1, with a diffuse pattern of expression
[22,23].InSS, 71% (range 62 - 80%, n=70) of the tissue samples stained positive for TEM1. The
pattern of expression was heterogeneous with samples expressing TEM1 either focally or
diffusely. Besides, Thway et al. [23] demonstrated in representative images that the spindle
cell component of biphasic SS samples are positive, while the glandular epithelial areas are
negative. Regarding monophasic SS, both positive and negative samples were reported
[22,23]. Data are summarized in Table 3.

Exclusively Ontuxizumab has been clinically investigated as a therapeutic drugin STS [126].
However, it still has to be modified into a NIRF imaging tracer. A high-affinity human single-
chain variable fragment (scFv)-Fc fusion protein (78Fc) targeting TEM1 has been engineered
and conjugated with the near-infrared fluorochrome VivoTag-S750, which proved to be an
efficient tracer in preclinical osteosarcoma and lung cancer models [20,22,125,127].

In conclusion, TEM1 can be targeted in NIRF imaging by Ontuxizumab upon conjugation
to a NIRF dye and small proteins have been produced pre-clinically for similar purposes. A
major advantage of TEM1 is that it has minimal to no expression on adjacent normal tissue
and therefore it is characterized by a high tumor-to-background ratio. Additional benefits
are its diffuse pattern of expression, the high frequency of positivity (STS 77%, MFS 100%,
USTS 81% and SS 71%), and its correlation with advanced tumor grades. A disadvantage is
its heterogeneous pattern of expression in the SS subtype with samples illustrating focal
expression of TEM1.

VEGFR

The VEGFR family consists of the 3 members VEGFR-1, -2 and -3 which are receptors for ligands
VEGF-A, -B, -C, -D, and Placenta Growth Factor [128]. The receptors contain a split tyrosine
kinase domain and a ligand-binding part. The individual VEGFR members have separate roles
in various signaling pathways, but as a family they collectively function as the principal driver
of angiogenesis and lymph angiogenesis. Hence, VEGFRs are mainly expressed on vascular
and lymphatic endothelial cells in healthy tissue [128-130]. In various tumor types, including
STS, they are expressed by both endothelial cells and tumor cells [131]. Here they stimulate

32



Candidate Biomarkers for Specific Intraoperative Near-Infrared Imaging of Soft Tissue Sarcomas: A Systematic Review

tumor growth [132]. VEGFR-1 and VEGFR-2 have been clinically targeted by antibodies in STS,
in contrast to VEGFR-3. Therefore, only VEGFR-1 and VEGFR-2 will be evaluated.

VEGFR-1 presence was found in an average of 76% (range 22 - 100%, n=477) of the STS patients
in 8 different studies [26-33]. Staining was performed in 15 STS subtypes (Appendix C). The
VEGFR-1 expression pattern was demonstrated to be diffuse. Expression was found in the
cytoplasm, and on the nuclear and cell membrane [26,29]. VEGFR-2 expression was present
in 71% (range 11 - 100%, n=449) on average in 9 different studies, and 16 STS subtypes were
evaluated [27-30,32,33,73-75]. The pattern of expression was heterogeneous, and expression
was found in the cytoplasm, and on the nuclear and cell membrane [29,75]. Interestingly,
Kilvaer et al. [131] states that VEGFR overexpression is correlated with increased tumor grade.

No data were found for VEGFR immunohistochemical staining in MFS. One paper reported on
the presence of VEGFR-1 and VEGFR-2 in USTS and SS [30]. VEGFR-1 and VEGFR-2 expression
was found in 68% and 6% of 81 USTS samples respectively. In SS, this was 70% and 4% for
respectively VEGFR-1 and VEGFR-2 in 27 samples (Table 3). Moreover, the pattern of expression
was described for neither USTS nor SS [30]. Additionally, no distinction was made between
monophasic and biphasic SS in the published data.

Ramucirumab binds to VEGFR-2 and is currently in its recruitment phase for clinical testing
in SS [133]. Besides, VEGFR-1 and VEGFR-2 may be targeted indirectly using Bevacizumab-
IRDye800CW or Aflibercept upon conjugation to a NIRF dye [24,25,134,135]. Recently published
study results showed visualization of all 15 included STS patients with Bevacizumab-
IRDye800CW targeting VEGF-A. In this paper, in vivo tumor-to-background ratios of 2.0-2.5
were found with doses of 10-25mg tracer and no tracer-related adverse events occurred within
2 weeks after surgery [134]. Additionally, targeting tumors with Bevacizumab-IRDye800CW has
been investigated extensively in clinical trials for several tumor types [134,136-138]. Here, its
tolerable safety profile was confirmed in primary breast cancer patients [139].

In conclusion, VEGFR-1 and VEGFR-2 are receptors that may be targeted indirectly with a tracer,
Bevacizumab-IRDye800CW, that has already widely proven its benefit in multiple cancer types.
Direct targeting of VEGFR-2 however may additionally be performed with Ramucirumab. Major
advantages of VEGFR-1 are the high frequency of positivity in STS (76%), the diffuse pattern
of expression in tumors and increasing expression associated with enhanced tumor grade.
However, while VEGFR-1 is commonly present in USTS and SS, there is no data concerning its
pattern of expression in these STS subtypes. Furthermore, advantages of VEGFR-2 are its high
presence of 71% in STS samples and increasing expression associated with enhanced tumor
grade. Disadvantages are a heterogeneous, and therefore unpredictable, pattern of expression
in the evaluated tissue samples and the fact that only 6% of USTS and 4% of SS are positive.
Additionally, both VEGFRs are commonly expressed in healthy tissue, potentially resulting in
a low tumor-to-background ratio.
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EGFR

Epidermal Growth Factor Receptor is a transmembrane glycoprotein belonging to the
ErbB/HER family together with 3 additional distinct receptor tyrosine kinases: ErbB2/HER2,
ErbB3/HER3, and ErbB4/HER4 [140]. Seven different ligands trigger intracellular signals for
fundamental cellular functions including proliferation, differentiation, migration and survival
of tumor cells [141,142]. EGFR is mainly expressed in proliferating keratinocytes [143,144]. In
tumors, EGFR overexpression can trigger tumor invasion and metastasis. Furthermore, it is
a central regulator of autophagy, which is strongly involved in resistance to cancer therapies
[145,146].

EGFR expression in STS was described in 36 scientific papers [21,36-70]. The presence of
EGFR on STS tissue was observed in an average of 53% of the samples (range 0 - 100%,
n=1918). Expression was evaluated in 29 different subtypes of STS (Appendix C). The pattern
of expression was diffuse. Importantly, EGFR expression in STS was strongly correlated to
higher histological grade [41,43,65].

In MFS, EGFR presence was observed in an average of 38% (range 0 - 89%, n=97) of the samples
in 3 articles (Table 3) [21,48,60]. This wide range might be explained by the fact that 1 article
included 10 low-grade MFS samples of which none expressed EGFR. The remaining 2 articles
had a higher percentage of positive samples with a diffuse pattern of expression. This confirms
the positive correlation of EGFR expression with increased histological grade STS [21,48,60].
For USTS, EGFR expression was detected in an average of 62% (range 5 - 95%, n=287) of
the samples with a heterogeneous pattern of expression. Similar to MFS, a wide range was
observed with 1 article reporting 5% of 200 samples to be positive for EGFR staining, 1 article
reporting 58% in 24 samples and 2 articles reporting 91% and 95% positive samples in 44
and 19 samples, respectively. Here, the correlation to increased histological grade could not
explain the variable expression [45,52,60,65]. Lastly, EGFR presence was seen in an average
of 86% (range 71 - 100%, n=160) of the SS samples. The pattern of expression was noticeably
heterogeneous, extending from focal to diffuse expression [46,52,60,63-65]. Furthermore,
Gusterson et al. [52] and Sato et al. [60] compared the spindle cell and epithelial components
of biphasic SS samples. They described that the former is strongly positive, whereas the latter
is mainly negative for EGFR expression. Regarding monophasic SS, both positive and negative
samples were reported.

Currently, Cetuximab is the only clinically investigated EGFR-targeting monoclonal antibody
for STS [147]. It has been conjugated to IRDye800 and examined in several clinical trials in other
tumor types. To appraise its utility in the detection of metastatic lymph nodes in pancreatic
cancer, a total of 144 human lymph nodes were evaluated ex-vivo. The Cetuximab-IRDye800
conjugate demonstrated a sensitivity and specificity of 100% and 78% [148]. Additionally, no
grade 2 or higher adverse events were observed with Cetuximab-IRDye800 in glioblastoma
and head and neck squamous cell carcinoma [149,150].
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A clinical trial investigating the use of ABY-029, an affibody conjugated to IRDye800CW
targeting EGFR, is in the recruitment phase for targeting STS [151]. Based on pre-clinical
research it is a promising tracer for STS and safe for human use [35,152]. Other clinical trials
in their recruitment phase explore the use of Panitumumab-IRDye800 in imaging of head and
neck cancer, lung cancer, and metastatic lymph nodes [153-155].

In summary, there are multiple promising tracers available which can be applied for NIR
fluorescence-guided surgery in STS. Main advantages of EGFR, apart from the readily available
tracers, are its diffuse pattern of expression in STS in general, the increased expression in STS
of higher histological grade, and the high frequency of expression (88%) among SS samples.
Yet, drawbacks are the mediocre percentage (54%) of positive tumor samplesin STS in general
and the highly heterogeneous expression pattern in SS.

IGF-1R

Insulin-like Growth Factor 1 Receptor is a receptor tyrosine kinase that is activated upon binding
with IGF-1 or IGF-2. Under normal physiological circumstances this provokes a chain of signaling
events that induce cellular transformations such as hypertrophy in skeletal muscle. IGF-1R is
upregulated in multiple malignancies, including prostate, breast and lung cancer, where it is
involved in tumor growth. Besides, it enables cancer cells to resist the cytotoxic properties of
radiotherapy and chemotherapeutic drugs by inducing an anti-apoptotic effect [18].

IGF-1R presence was detected in 63% (range 25 - 100%, n=507) of STS samples on average in
9 different studies [57,58,78-84]. Staining was performed in 15 subtypes of STS (Appendix C).
The receptor was dispersed diffusely in the cytoplasm, and on the nuclear and cell membrane
[57,79,81]. No correlation between histological grade and IGF-1R expression was observed [58,78].

No data are available on IGF-1R presence in MFS. Presence of IGF-1R in USTS and SS was
evaluated in 1 and 4 articles respectively [76,79,81,82,84]. IGF-1R presence was found in
25% of the USTS samples (n=120), while in SS an average of 57% (range 35 - 100%, n=195)
of the samples stained positive. The pattern of expression was described for neither (Table
3). However, Friedrichs et al. [79] reported that vast areas of tumorous tissue showed
membranous staining in monophasic (comprising spindle cells) SS. In contrast, biphasic SS
samples displayed predominantly positive staining in the epithelial component. Regarding
monophasic SS, both positive and negative samples were reported [76,79,82,84].

Clinicaltrials targeting IGF-1R in STS have been conducted with Teprotumumab, Cixutumumab,
Figitumumab and Ganitumab [156-160]. Nevertheless, these monoclonal antibodies have not

been evaluated for their potential in NIRF imaging.

AVE-1642, a humanized anti-IGF-1R antibody, labelled with Alexa 680 has been pre-clinically
investigated in in vivo breast cancer models and adequately identified receptor expression [161].
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Overall, IGF-1R may be targeted in NIRF imaging by several potential antibodies after
conjugation to a NIRF dye. In addition, pre-clinical advances have resulted in promising
tracers that may find future clinical use. An advantage of IGF-1R is its relatively common (63%)
presencein all STS samples. However, its expression has no correlation with tumor grade, and
data on pattern of expression in MFS, USTS and SS is limited.

PDGFR

Platelet-Derived Growth Factor is a receptor tyrosine kinase characterized by two isoforms,
PDGFRa and PDGFRp [162]. The receptors can be activated after binding by ligands from
the PDGF-family. Upon activation, PDGFR is known to control angiogenesis in endothelial
cells, and cell migration and growth in mesenchymal cells. Moreover, in healthy tissue both
PDGFRs are mainly expressed in mesenchymal cells during inflammation, whereas during
non-inflammatory conditions the expression is minimal [163,164]. In tumor biology, PDGFR
activation stimulates cell growth and enhances metastatic behavior by attracting fibroblasts,
which secrete factors that promote proliferation and migration of tumor cells. Both PDGFRa
and - are expressed by tumor cells of STS, yet expression of specifically PDGFRa is evaluated
in this review as a monoclonal antibody against this receptor has been clinically tested in STS,
while not against PDGFR{ [37,41,165,166].

Based on the literature search, PDGFRa was present in 64% of STS samples on average (range
0 - 100%, n=1536) in 21 different articles [21,28,30,32,36-43,45,76,82,87-92]. Expression was
evaluated in 22 different subtypes of STS (Appendix C). The pattern of expression was diffuse,
and expression was identified in the cytoplasm, and on the nuclear and cell membrane of the
tumor cells [40,88,167].

PDGFRa expression in the specific STS subtypes of interest, MFS, USTS and SS, have been
evaluated separately in respectively 1,4 and 5 articles. In MFS PDGFRa was present in 77% of
34 tissue samples [21]. In USTS, 78% of the tumors (range 63 - 99%, n=475) were positive for
PDGFRa, while for SS 69% (range 44 - 84%, n=136) stained positive. Moreover, expression was
reported to be diffuse in USTS. No data regarding the pattern of expression of MFS and SS were
reported [30,45,80,82,90,92]. However, opposing data was published regarding differences
in expression of either spindle cell or epithelial components in biphasic SS. While Fleuren et
al. [90] displayed images where exclusively the spindle cell component expressed PDGFRa,
Lopez-Guerrero et al. [92] reported that membranous staining was more prominent in the
epithelial component. Regarding monophasic SS, both positive and negative samples were
reported. Data are summarized in Table 3.

Multiple drugs targeting PDGFRa are currently FDA approved or subject to clinical trials.
However, Olaratumab is the only monoclonal antibody that has been clinically investigated for
STS. It binds specifically PDGFRa [168]. No clinical NIRF imaging studies have been performed
using Olaratumab conjugated with a fluorophore in any cancer type.
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In summary, PDGFRa may be targeted in NIRF imaging by Olaratumab after conjugation to a
NIRF dye. Advantages of PDGFRa are its relatively regular (65%) presence in STS samples and
its diffuse pattern of expression in specifically USTS with 78% of samples expressing PDGFRa.
Disadvantages are the non-reported patterns of expression for MFS and SS, and no article
addressed a correlation between enhanced PDGFRa expression and histological grade.

CD40

Cluster of Differentiation 40 is a member of the tumor necrosis factor family and can be ligated
by CD40 Ligand (CD40L). CD40 is detected on dendritic cells, B-cells and myeloid cells that
can mediate cytotoxic T-cell priming upon CD40L ligation [169]. Moreover, it is constitutively
expressed on platelets, smooth muscle cells and endothelial cells [170]. In cancer, CD40 has
been found in nearly all B-cell malignancies and many solid tumors, where itinduces a direct
cytotoxic effectin the absence ofimmune accessory cells [171]. Itis hypothesized that it confers
a growth and survival stimulus via signaling pathways such as PI3Kinase/Akt and NFkB and/
or that it modulates anti-tumor immune responses [172].

CD40 was present in 62% of STS samples (range 17 - 86%, n=153) on average in 4 different
scientific papers [95-98]. The pattern of expression was diffuse, when assessed in 7 subtypes
(Appendix C). Expression was observed on the membrane and in the cytoplasm of tumor cells
[95-98]. No association between enhanced CD40 expression and histological grade was found
after comparing low-grade to high-grade STS samples [97]. Furthermore, no articles published
data regarding CD40 expression on MFS, USTS and SS separately.

A phase Il clinical trial applying APX005M, a second-generation agonistic CD40 monoclonal
antibody, combined with Doxorubicin in STS is currently recruiting participants [173].
Nonetheless, the antibody has not yet been evaluated for NIRF imaging and no other CD40-
targeting drug has thus far been clinically examined for CD40.

Apart from 2 articles focusing on respectively B-cell activation by targeting CD40 with
nanoparticles and cerebral ischemia by targeting CD40 with an anti-CD40 antibody conjugated
to Cy5.5, no pre-clinical advances in the field of NIRF imaging can be addressed using CD40
as a target [94,174].

In conclusion, APX005M may be utilized as tracer after conjugation to a NIRF dye for imaging
in STS. Pre-clinical studies have developed tracers targeting CD40, yet these have not been
tested in STS models thus far. Advantages of CD40 are a diffuse pattern of expression and the
fact that expression is relatively common (62%) in STS samples in general. Disadvantages are
the small number of evaluated STS samples and the lack of data regarding CD40 expression
in MFS, USTS and SS.
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Table 3. Summarized data regarding biomarkers in Myxofibrosarcoma, Undifferentiated Soft Tissue
Sarcoma, and Synovial Sarcoma.

Biomarker N Positive tumors Expression pattern Presentafter Literature
mean% (range) RTx

Myxofibrosarcoma

TEM1 34 100 (100) Diffuse Yes, [21] [21]

EGFR 97 38(0-89) Heterogeneous Yes, [21] [21,48,60]

PDGFRa 34 T7(77) Not described Yes, [21] [21]

Undifferentiated Soft Tissue Sarcoma

TEM1 128 81(73-89) Diffuse N.D. [22,23]

VEGFR-1 81 68(68) Not described N.D. [30]

EGFR 287 62(5-95) Heterogeneous N.D. [45,52,60,65]

VEGFR-2 81 6(6) Not described N.D. [30]

IGF-1R 120 25(25) Not described N.D. [82]

PDGFRa 432 79(63-99) Diffuse N.D. [30,45,82]

Synovial Sarcoma

TEM1 70 71(62-80) Heterogeneous N.D. [22,23]

VEGFR-1 27 70(70) Not described N.D. [21]

EGFR 160 86 (71-100) Heterogeneous Yes, [175] [46,52,60,63-65]

VEGFR-2 27  4(4) Not described N.D. [21]

IGF-1R 195 57(35-80) Not described N.D. [76,79,81,84]

PDGFRa 136 69 (44-84) Not described N.D. [30,76,90,92]

Abbreviations: N, total number of samples and/or cell lines; STS, soft tissue sarcoma; RTx, radiotherapy; N.D.
not described. No distinction was made between monophasic and biphasic Synovial Sarcoma.

Potential NIRF imaging tracers safety profile

In this review, 7 potential targets for fluorescence-guided surgery of STS (TEM1, VEGFR-1, EGFR,
VEGFR-2, IGF-1R, PDGFRa, and CD40) were selected based on antibodies that are clinically
available and mostly used in the antibody-based therapy of STS. Several tracers have already
proven to be well suitable for NIRF imaging. Among these tracers, Bevacizumab-IRDye800CW
targeting VEGF-A (indirectly VEGFR-1 and VEGFR-2) has already shown promising resultsin STS
[134]. Besides, Cetuximab-IRDye800 targeting EGFR is an adequate tracer in several tumor
types [148-150]. This section elaborates on clinically available monoclonal antibodies which
can be modified into tracers: Ontuxizumab targeting TEM1, Teprotumumab, Cixutumumab
and Figitumumab targeting IGF-1R, and Olaratumab targeting PDGFRa [126,158-160,176-179].
APX005M targeting CD40 is currently under investigation and therefore its efficacy and safety
profilein STS are yet to be determined. In contrast to therapy, a single dose of tracer is injected
forimaging and an increase in adverse effects compared to therapy is not expected. Further,
no increase in adverse effects is expected after conjugation of a fluorophore and antibody
[134,180-182]. This paragraph summarizes the safety profiles of each clinically available
monoclonal antibody extracted from advanced clinical trials conducted with STS-patients
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to evaluate their potential for translation towards NIRF imaging. Only high grade (grade =3)
Adverse Events (AE) are displayed.

Ontuxizumab was compared to a placebo when both were combined with Gemcitabine and
Docetaxel. While the total of grade 23 AEs was not reported, the incidence of Serious Adverse
Events (SAE) was comparable between Ontuxizumab and placebo (50% vs 48%). The most
frequent treatment related SAEs were pyrexia (4% vs 0%) and anemia (1% vs 3%) (Appendix
D). No substantial differences were observed in laboratory values or electrocardiogram
parameters [126].

Targeting IGF-1R, Teprotumumab, Cixutumab, and Figitumumab were investigated as a
monotherapy. These trials have reported a minor incidence of high-grade AEs. AEs such as
hyperglycemia, pain, thrombocytopenia, and vomiting were the most common high-grade AEs
with incidences ranging from 3-5%. Of all included study subjects, 10% and 17% of patients
acquired grade =3 AEs for Teprotumumab and Figitumumab, respectively. Among these 3
antibodies, Teprotumumab was demonstrated to have the most tolerable and Cixutumumab
the most toxic safety profile in STS [158-160].

Two studies on Olaratumab reported grade =3 Adverse Events (AE) in 58-67% of the patients
when combined with Doxorubicin alone [177,183]. In addition, 2 studies observed contrasting
AEs when Olaratumab plus Doxorubicin was compared to Doxorubicin. A phase 2 trial observed
an increased incidence of high-grade AEs for the combination therapy while a phase 3 trial
found no significant differences and therefore concluded no additional adverse events to be
attributed to Olaratumab [176,177]. Hematologic grade =3 AEs were most common in these
trials with incidences reaching 40-50% (Appendix D).

Discussion

Research aim

The success of surgical treatment for localized STS highly depends on complete tumor
resection as positive margins are associated with LR and decreased overall survival.
Determining the surgical margin is a major challenge for STS surgeons as they generally
try to balance the aim of a functional limb against the risk of LR. Real-time tumor-specific
imaging can improve surgical margins by visualizing tumor tissue during resection. This review
selected TEM1 (score 9), VEGFR-1 (score 8), EGFR (score 8), VEGFR-2 (score 7), IGF-1R (score 7),
PDGFRa (score 7) and CD40 (score 7) as most promising cell surface-expressed biomarkers for
tumor-specific NIRF imaging in STS, for which clinically available monoclonal antibodies are
already present. Additionally, these potential future NIRF tracers, which are antibodies that
have already been clinically tested in STS but not yet conjugated to a NIRF-dye for imaging
practices, are expected to be safe for their use in NIRF guided surgery.
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Comparing the selected biomarkers

All of the suitable biomarkers have already been evaluated for NIRF imaging pre-clinically,
demonstrating their potential [19,23,24,71,80,85,93]. Furthermore, all of the selected
cell surface-expressed biomarkers internalize after binding with an antibody (derivative)
[18,23,33,70,75,84,92]. This causes a better tumor-to-background ratio and a long-lasting
signalimportant for fluorescence-guided surgery [14]. However, indirect targeting of VEGFR-1
and VEGFR-2 by targeting VEGF-A with for instance Bevacizumab-IRDye800CW has not been
proven to result in internalization of tracers.

TEM1 and VEGFR-1 were most frequently present in STS samples, 77% and 76% respectively.
VEGFR-2 was third most frequently expressed (71%), followed by PDGFRa (64%), IGF-1R
(63%), CD40 (62%), and EGFR (53%). Furthermore, apart from CD40 (n=153), presence of
every biomarker of the top 7 has been studied in a large number of STS samples. Therefore,
the summarized data in this review are a good representation of biomarker presence in STS
patients: EGFR (n=1918), PDGFRa (n=1536), TEM1 (n=768), IGF-1R (n=507), VEGFR-1 (n=477),
and VEGFR-2 (n=449).

A particularly important parameter for successful NIRF imaging, which is not included in the
TASC score, is the tumor-to-background ratio of a biomarker. With the currently available
literature it is impossible to address the expression of each biomarker in healthy tissue, and
thus the tumor-to-background ratio, because data on expression of the biomarkers in normal
tissue is very limited. Nevertheless, VEGFR-1 and VEGFR-2 are highly expressed in healthy
tissue, while TEM1 and PDGFRa are biomarkers with low expression in healthy tissue. TEM1 has
already shown high tumor-to-background ratios with immunohistochemistry [21]. However,
both biomarkers are expressed in inflammatory tissue as well as in tumors [22,184]. As STS
can be surrounded by inflammation during their growth, it is possible that no clear distinction
can be made between tumor and surrounding inflammatory tissue [185]. Unfortunately, none
of the selected studies reported on inflammation status of surrounding tissue. In addition,
neoadjuvant therapy is frequently used in STS treatment. Successful fluorescence-guided
surgery is only possible if overexpression of cell surface-expressed biomarkers is preserved
after neoadjuvant therapy. It was demonstrated that EGFR, TEM1 and PDGFRa expression
is preserved after neoadjuvant radiotherapy of MFS [21]. This has also been confirmed for
EGFRin SS[175]. No other data is available on expression of these or the remaining evaluated
biomarkers after neoadjuvant therapy in STS. Therefore, further research is needed to assess
if surrounding inflammatory tissue or neoadjuvant therapy interferes with tumor border
identification in STS.

MFS, USTS and SS

We chose to focus on MFS, USTS and SS because of their aggressive and infiltrative growth
pattern. TEM1 was present in 100% of the MFS samples (Table 3). Besides, its pattern of
expression was diffuse in all tested MFS samples [21]. This indicates that TEM1 is likely to be
extensively expressed in tumors of every individual MFS patient. Besides, a sharp contrast
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between tumor and adjacent normal tissue, such as fascia, muscle, and fat, was seen on
microscopic pictures of stained MFS samples. This clearly identifies the tumor border and
therefore TEM1 seems the most promising biomarker to facilitate complete MFS resections
using NIRF imaging [21].

For USTS the average presence of TEM1 and PDGFRa was 81 and 79% of the tumor samples.
Apart from being expressed in a substantial percentage of USTS samples, TEM1 and PDGFRa
were primarily expressed diffusely [21,22,29,44,81]. However, there is no data published
regarding contrast between expression on tumor and normal tissue in USTS. According to
the human protein atlas TEM1 and PDGFRa expression is not detected in skeletal muscle tissue
and adipose tissue. For smooth muscle tissue, TEM1 displays low expression, while PDGFRa
is not detected [186]. These characteristics suggest that TEM1 and PDGFRa are promising
biomarkers for NIRF imaging in USTS patients.

In SS, presence of TEM1 and EGFR was demonstrated in 71 and 86% of the assessed
samples. EGFR and TEM1 are both characterized by a variable expression pattern in SS
[22,23,46,52,60,63-65]. Moreover, both targets are reported to be not or minimally expressed
in the epithelial components of biphasic SS tumors, while it was expressed in the spindle cell
components. This might complicate NIRF imaging of biphasic SS tumors when solely targeting
either of these biomarkers. Interestingly, EGFR remains present on SS after neoadjuvant
radiotherapy. This has not been researched for TEM1, therefore providing EGFR a further
advantage over TEM1 [175].

Lastly, most biomarkers are not present in 100% of the evaluated STS (subtype) tumor
samples. The disadvantage of not knowing expression in advance to surgery can be overcome
by evaluating the expression of each biomarker in preoperative biopsies to assess which
biomarker would be most appropriate to target for NIRF imaging during surgery.

Comparison of potential NIRF imaging tracers

Several monoclonal antibodies targeting STS have already been adjusted to tracers suitable for
NIRFimaging and additional monoclonal antibodies used in therapy may be applicable for future
NIRFimagingin STS after conjugation to a fluorescent dye/fluorophore. Five distinct antibodies
have been assessed for their toxicity profile in STS (Appendix D). Nevertheless, comparing
the results of these drugs is complicated as Olaratumab and Ontuxizumab have solely been
investigated combined with chemo-therapeutic agents. Still, no evident increase in high-grade
toxicity was detected for both antibodies when compared to placebo suggesting a tolerable
safety profile. These results are confirmed in trials investigating Olaratumab in metastatic
gastrointestinal stromal tumor (GIST) and Ontuxizumab in metastatic colorectal cancer where
respectively 10 and 11%grade of =3 treatment-related adverse events were reported [178,187].
These data are similar to the percentages of patients acquiring grade =3 AE after treatment with
IGF-1R targeting antibodies (Teprotomumab, Figitumumab and Cixutumumab) and therefore all
antibodies studied here can be safely modified into NIRF imaging tracers.
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It should, however, be emphasized that data on toxicity in antibody-based therapy are
presumably an overestimation for imaging, because doses of antibodies injected for NIRF
imaging are substantially lower compared to therapeutic doses. For instance, a single dose of
10mg Bevacizumab-IRDye800CW was found to be optimal for NIRF imaging in STS, whereas
therapeutic doses comprise of 5-15mg/kg Bevacizumab every 2-3 weeks [149]. Consequently,
the serum concentration of the antibody (conjugated to a fluorophore) is lower when used for
NIRF imaging and less toxicity of these monoclonal antibodies is expected [188]. Preferably,
dose-finding studies, where single and low doses of the five evaluated compounds have been
given to STS patients, should be reviewed to predict toxicity when used for NIRF imaging, yet
such articles have not been published.

Strengths and limitations

Afirst limitation is that the heterogeneity of the included studies complicates ranking of the
biomarkers. Studies have used various antibodies forimmunohistochemistry. The percentage
of positive tumors may be variable depending on type of antibodies, dilutions, epitope, and
clone used [189]. Also, immunohistochemistry protocols differ between labs which may
cause variable results while the same type of antibodies is used. This creates discrepancy in
immunohistochemical results published by different researchers. Secondly, the heterogeneity
of STS complicates selecting the optimal biomarkers. There are over 50 subtypes of STS, and
different subtypes have different biomarker expression patterns [65]. Therefore, finding one
optimal biomarker for each subtype is challenging.

Astrengthis our focus on MFS, USTS and SS as they are STS subtypes which show an infiltrative
growth pattern, and as a consequence have high percentages of positive margins and high
percentages of LR. Patients with these subtypes might benefit the most from implementation
of NIRF imaging. Nevertheless, published data regarding some biomarkers in MFS is scarce.
Another strength is that clinically available monoclonal antibodies were the starting point
of this systematic review. This was because primary development of a NIRF tumor-specific
tracer for a rare disease such as STS is time consuming and costly which hampers rapid
clinical implementation. However, alternative antigens that might be interesting for tumor-
specificimagingin STS can be missed be-cause no clinically available antibodies (or antibody
derivatives) are available. Nevertheless, clinical implementation is of utmost importance
to prove feasibility of NIRF imaging for STS surgery and subsequently stimulate primary
development of STS specific tracers. This progression is enabled by this review as each
evaluated biomarker is accompanied by a clinically available antibody (derivative) that can
be transformed into a NIRF tracer.
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Conclusions

In STS, TEM1, VEGFR-1, EGFR, VEGFR-2, IGF-1R, PDGFRa and CD40 were identified in descending
order as the most suitable biomarkers for NIRF imaging according to the modified TASC-scoring
system. However, as the category of STS comprises an extensive and heterogenous group of
tumors, it was chosen to specify the most optimal target for three common subtypes with
infiltrative growth that are characterized by high rates of local recurrence: MFS, USTS and
SS. While TEM1 was the optimal target for MFS, both TEM1 and PDGFRa were concluded to be
most promising for USTS. In SS EGFR was considered most promising, yet closely followed
by TEM1, VEGFR-1 and PDGFRa. However, as expression of biomarkers and its extent is often
not certain, evaluation of the expression of biomarkers in preoperative biopsies could assist
in designating the appropriate tracer for every patient. More importantly, for their potential
use in NIRF imaging, data on contrast of expression on malignant and adjacent normal tissue
is needed. Altogether, this systematic review paves the way for implementing fluorescence-
guided surgery to optimize STS treatment.
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Appendix A. Search Strategy.

(“Sarcoma”[Mesh] OR “soft tissue sarcoma*”[tw]) AND (“Receptors, Vascular Endothelial
Growth Factor”[Mesh] OR “VEGF”[tw] OR “vascular endothelial growth factor receptor”[tw]
OR “EGFR”[tw] OR “epithelial growth factor receptor”[tw] OR “Endosialin”[tw] OR “TEM1”[tw]
OR “CD248”[tw] OR “Receptors, Platelet-Derived Growth Factor”’[Mesh] OR “Platelet-Derived
Growth Factor Receptor*”’[tw] OR “PDGFR”[tw] OR “programmed death ligand 1”[tw] OR
“PD-L1”[tw] OR “Insulin-Like Growth Factor I”[Mesh] OR “Insulin-Like Growth Factor I”[tw]
OR “IGF-1R"[tw] OR “TRAIL-R2”[tw] OR “CTLA-4 Antigen” [Mesh] OR “CTLA-4"[tw] OR “CD40
Antigens”[Mesh] OR “CD40”[tw] OR “Receptor Tyrosine Kinase-like Orphan Receptors”’[Mesh]
OR “Receptor Tyrosine Kinase-like Orphan Receptor*”[tw] OR “ROR2”[tw] OR “LRRC15”[tw])
NOT (“Animals” [Mesh] NOT “Humans”[Mesh])

Appendix B. Search Previously Imaged and Search Internalization.

(“Spectroscopy, Near-Infrared”[Mesh] OR “Near-Infrared”[tw] OR “Near infrared”[tw]
OR “NIR”[tw] OR “fluorescence”[MeSH] OR “fluorescence”[tw] OR “fluorescent”[tw] OR
“imaging”[tw] OR “Positron Emission Tomography Computed Tomography”[tw] OR “PET-
CT”[tw] OR “PET”[tw] OR “immune-pet”[tw] OR “tomography, emission-computed,
single-photon”[MeSH] OR “spect”[tw] OR “radiolabelled”[tw] OR “radio-labelled”[tw)
AND (“Receptors, Vascular Endothelial Growth Factor”[Mesh] OR “VEGF”[tw] OR “vascular
endothelial growth factor receptor”[tw] OR “EGFR”[tw] OR “epithelial growth factor
receptor”[tw] OR “Endosialin”[tw] OR “TEM1”[tw] OR “CD248”[tw] OR “Receptors, Platelet-
Derived Growth Factor”’[Mesh] OR “Platelet-Derived Growth Factor Receptor*”[tw] OR
“PDGFR”[tw] OR “programmed death ligand 1”[tw] OR “PD-L1”[tw] OR “Insulin-Like Growth
Factor 1”[Mesh] OR “Insulin-Like Growth Factor I”[tw] OR “IGF-1R”[tw] OR “TRAIL-R2”[tw]
OR “CTLA-4 Antigen” [Mesh] OR “CTLA-4"[tw] OR “CD40 Antigens”[Mesh] OR “CD40”[tw] OR
“Receptor Tyrosine Kinase-like Orphan Receptors”[Mesh] OR “Receptor Tyrosine Kinase-like
Orphan Receptor*”[tw] OR “ROR2”[tw] OR “LRRC15”[tw])

(“Internalization”[tw] OR “Internalize”[tw] OR “Internalisation”[tw] OR “Internalise”[tw] OR
“Endocytosis”[Mesh] OR “Endocytosis”[tw] OR “Endocyte”[tw]) AND (“Receptors, Vascular
Endothelial Growth Factor”’[Mesh] OR “VEGF”[tw] OR “vascular endothelial growth factor
receptor”[tw] OR “EGFR”[tw] OR “epithelial growth factor receptor”[tw] OR “Endosialin”[tw]
OR “TEM1”[tw] OR “CD248”[tw] OR “Receptors, Platelet-Derived Growth Factor”’[Mesh] OR
“Platelet-Derived Growth Factor Receptor*”[tw] OR “PDGFR”[tw] OR “programmed death
ligand 1”[tw] OR “PD-L1”[tw] OR “Insulin-Like Growth Factor I”’[Mesh] OR “Insulin-Like Growth
Factor 1”[tw] OR “IGF-1R”[tw] OR “TRAIL-R2”[tw] OR “CTLA-4 Antigen” [Mesh] OR “CTLA-
4”[tw] OR “CD40 Antigens”[Mesh] OR “CD40”[tw] OR “Receptor Tyrosine Kinase-like Orphan
Receptors”[Mesh] OR “Receptor Tyrosine Kinase-like Orphan Receptor*”[tw] OR “ROR2”[tw]
OR “LRRC15”[tw])
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Appendix C.

Biomarkers.

STS Subtypes Examined for Each of the Top 7

Table 1. Overview of the studied STS subtypes for each of the top 7 biomarkers.

Biomarker

STS Subtypes

TEM1

VEGFR-1

VEGFR-2

EGFR

IGF-1R

PDGFRa

CD40

Angiosarcoma, desmoplastic small round cell, epithelioid hemangioendothelioma,
epithelioid sarcoma, fibrosarcoma, inflammatory myofibroblastic sarcoma,
kaposi sarcoma, LMS, liposarcoma, MPNST, malignant solitary fibrous tumor,
myxofibrosarcoma, RMS, spindle cell sarcoma NOS, synovial sarcoma, USTS, and
uterine sarcoma

Alveolar STS, angiosarcoma, endometrial stromal sarcoma, Kaposi sarcoma, LMS,
liposarcoma, MPNST, malignant solitary fibrous tumor, myxofibrosarcoma, myxoid
liposarcoma, pulmonary artery sarcoma, RMS, sarcoma NOS, synovial sarcoma, and
USTS

Alveolar STS, angiosarcoma, endometrial stromal sarcoma, epithelioid
hemangioendotheliomas, fibrosarcoma, LMS, liposarcoma, MPNST, malignant solitary
fibrous tumor, myxofibrosarcoma, pulmonary artery sarcoma, RMS, sarcoma NOS,
synovial sarcoma, and USTS

Acral myxoinflammatory fibroblastic sarcoma, alveolar soft part sarcoma, atypical
fibroxanthoma, desmoplastic tumor, endometrial stromal sarcoma, epithelioid
sarcoma, fibromatosis, fibromyxoid sarcoma, fibrosarcoma, follicular dendritic cell
sarcoma, intimal sarcoma, liposarcoma, LMS, MPNST, myofibroblastic sarcoma,
myxoinflammatory fibroblastic sarcoma, myxofibrosarcoma, myxoid liposarcoma,
myxoid sarcoma, pleomorphic dermal sarcoma, RMS, sarcoma NOS, synovial sarcoma,
undifferentiated endometrial sarcoma, USTS, and undifferentiated stromal sarcoma
Alveolar STS, angiosarcoma, desmoplastic tumor, fibrosarcoma, LMS, liposarcoma,
MPNST, myxofibrosarcoma, RMS, sarcoma NOS, spindle cell sarcoma, synovial
sarcoma, and USTS

Alveolar soft part sarcoma, Angiosarcoma, dermatofibrosarcoma protuberans,
endometrial stromal sarcoma, fibromyxoid sarcoma, fibrosarcoma, liposarcoma,
LMS, MPNST, myofibroblastic sarcoma, myxoinflammatory fibroblastic sarcoma,
myxofibrosarcoma, myxoid liposarcoma, pulmonary artery sarcoma, RMS, sarcoma
NOS, solitary fibrous tumor, synovial sarcoma, undifferentiated endometrial sarcoma,
undifferentiated uterine sarcoma, undifferentiated stromal sarcoma, and USTS

Kaposi sarcoma, liposarcoma, LMS, MPNST, RMS, and USTS
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Abstract

Introduction: Myxofibrosarcoma (MFS) is the most common soft-tissue sarcoma subtype in
elderly patients. Local recurrence (LR) remains a major concern as the lack of intraoperative
guidance and an infiltrative growth pattern with long, slender tails hamper surgeons’ ability
to achieve adequate resection margins for MFS. Fluorescence-guided surgery (FGS) could
overcome this concern by delineating tumor tissue during surgery. One of the mostimportant
steps to successful FGS is to define a tumor-specific biomarker that is highly overexpressed
in tumor tissue while low or absent in adjacent healthy tissue. The aim of this study is to
evaluate the expression of eight previously selected promising biomarkers for FGS in MFS
tissue samples with adjacent healthy tissue usingimmunohistochemistry (IHC). Methods: The
following eight biomarkers were stained in seventeen paraffin-embedded MFS samples: tumor
endothelial marker-1 (TEM-1, also known as endosialin/CD248), vascular endothelial growth
factor receptor-1 (VEGFR-1, also known as Flt-1), vascular endothelial growth factor receptor-2
(VEGFR-2, also known as Flk1), vascular endothelial growth factor-A (VEGF-A), epidermal
growth factor receptor (EGFR), insulin-like growth factor-1 receptor (IGF-1R), platelet derived
growth factor receptor-a (PDGFR-A), and cluster of differentiation 40 (CD40, also known as
TNFRSF5). A pathologist specializing in sarcoma annotated the margin between the tumor
and adjacent healthy tissue in each MFS tissue sample. Subsequently, we used an objective
IHC scoring method to assess and compare the difference in staining intensity between the
tumor and adjacent healthy tissue, which is crucial for the use of FGS. Results: TEM-1, VEGF-A,
and PDGFR-a stained all MFS tumors, while the other biomarkers did not show expression in
all MFS tumors. Ultimately, TEM-1 was identified as the most suitable biomarker for FGS in
MFS based on higher tumor-to-background (TBR) staining intensity compared to VEGF-A and
PDGFR-a, regardless of preoperative therapy. Conclusion: TEM-1-targeted FGS tracers should
be further investigated to optimize MFS treatment.
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Introduction

Myxofibrosarcoma (MFS) is the most common soft tissue sarcoma (STS) subtype in elderly
patients, with a peak incidence in 60-69-year-old patients [1,2]. To optimize treatment,
MFS patients are referred to specialized sarcoma centers, where treatment is discussed
in multidisciplinary tumor boards before surgery [3,4]. Despite increased complication
risks associated with radiotherapy, localized MFS is currently treated with (neo)adjuvant
radiotherapy combined with often extensive surgery [5,6]. This is because local recurrence
(LR) is @ major concern, occurring in 28-40% of MFS cases within a 5 year follow-up period
and often associated with inadequate surgical margins [7,8]. Inherently, surgical margins are
a significant predictor of survival [9]. Yet, sarcoma surgeons still rely on preoperative imaging
modalities, such as MRl and CT, to identify the exact tumor location and margins. Translation
of these preoperative images to the operating theatre is challenging, as surgeons only have
their hands and eyes to rely on during surgery. In addition, the position of soft tissue changes
during surgery, and MFS has an infiltrative growth pattern with long, slender tails that are
difficult to detect with preoperative imaging [10]. Consequently, the surgical margins are
difficult to appreciate and manage during surgery [11]. Efforts have been made to unravel the
pathogenesis and identify druggable targets with molecular analyses, and targeting the cell
cycle in these tumors could be a powerful approach [12,13]. However, this has not yet led to
improved outcomes; a recent cohort study including 908 MFS patients, diagnosed between
2002 and 2019, highlighted that LR rates (39%) and survival (five year overall survival of
68%) did not improve during the study period, emphasizing the need to improve treatment
strategies [14].

An upcoming tool and a different approach to achieving adequate margins in surgical
oncology is fluorescence-guided surgery (FGS), which is based on near-infrared fluorescence
(NIRF). FGS real-time intraoperative imaging helps the surgeon to discriminate tumors from
adjacent healthy tissue. It can be subdivided into non-targeted FGS and targeted (tumor-
specific) FGS. Non-targeted FGS mostly uses the fluorescent dye indocyanine green (ICG).
Once ICG is administered, it accumulates in tumors due to their leaky vascular capillaries,
which is referred to as the enhanced permeability and retention (EPR) effect [15]. However,
this EPR effect is known to be influenced by many factors, such as tumor type, size, presence
of necrosis, location, inflammation, and vascular mediators, as has been demonstrated for
sarcoma surgery [16]. Therefore, the signal intensity of ICG is unpredictable, and will vary
greatly between heterogeneous sarcoma tumors. False negativity could occur in cases
with very small nodules, nodules with extensive necrosis, or minimally viable tissue. False
positivity could occur as well, for example, in tissues with reactive changes or high levels of
vascular permeability mediators such as bradykinin and prostaglandin. This could lead to
over-resection, resulting in more wound complications and increased functional impairments.
Targeted FGS, which can be achieved by binding fluorophores to sarcoma-specific targeting
moieties such as antibodies or peptides, could theoretically overcome these issues. Targeted
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FGS has already been explored for various tumor types with promising results and has the
potential to play an important role in future sarcoma surgery [17-19].

Three important parameters define successful targeted FGS: the tumor-specific biomarker, the
targeting moiety conjugated to a fluorophore (tracer), and the dedicated FGS camera system.
While the ideal tumor-specific biomarker is strongly and diffusely expressed on tumor cells
and absent on adjacent healthy tissue, a minimum of 1.5x overexpression of the tumor-specific
biomarker on tumor cells compared to adjacent healthy tissue is already enough to guide
surgeons in their actions [20]. The biomarker should preferably be located on the cell surface of
malignant cells to permit direct targeting and have the possibility of internalization to facilitate
along-lasting fluorescence signal. Ideally, this biomarker is still present on residual cells after
preoperative therapy. Based on these criteria, promising clinically translatable tumor-specific
biomarkers for MFS and other sarcomas have been identified in a recent systematic review [21].
Since several dedicated NIRF camera systems are already on the market, evaluating a suitable
biomarker is currently one of the most important steps to orchestrating successful FGS in
MFS [22]. Nevertheless, preclinicalimmunohistochemical (IHC) evaluation studies evaluating
biomarkers for FGS in MFS are scarce and did not comprehensively compare biomarkers in
tumor tissue with adjacent healthy tissue [23]. Therefore, this study aims to evaluate and
compare the expression of eight previously selected promising biomarkers for FGS by IHC in
MFS tissue samples with adjacent healthy tissue using an objective IHC scoring method. In
addition, the effect of preoperative therapy on staining intensity is assessed to determine if
this might influence the biomarker’s suitability for FGS.

Materials and methods

Sample Selection and Ethical Approval

Tissue samples from MFS patients who gave informed consent for the use of their tissue at the
time of surgery, were older than 18 years, and underwent surgical resection between 2008
and 2020 were eligible for this study. Slides of MFS tissue samples with tumor and adjacent
healthy tissue were selected by a pathologist specializing in sarcoma. Subsequently, all
available corresponding formalin-fixed paraffin-embedded (FFPE) whole tissue blocks were
collected from the bone and soft tissue tumor biobank at the Leiden University Medical Center.
Anonymized patient and tumor characteristics of the collected specimen were retrospectively
reviewed to describe some of the patient and tumor characteristics. The study was performed
with ethical approval from the institutional review board of Leiden-Den Haag-Delft (protocol
number: 2020-7; METC number: B20.048) and in compliance with the Declaration of Helsinki.

Biomarkers

A total of eight biomarkers were selected for IHC evaluation based on their potential to
detect FGS in MFS. Biomarkers were chosen based on a clinical trial that had already
included MFS patients using vascular endothelial growth factor A (VEGF-A) as a target for
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FGS and a systematic review that selected targets for FGS in soft tissue sarcomas [18,21].
Selected biomarkers were: tumor endothelial marker-1 (TEM-1), vascular endothelial growth
factor receptor-1 (VEGFR-1), vascular endothelial growth factor receptor-2 (VEGFR-2), VEGF-
A, epidermal growth factor receptor (EGFR), insulin-like growth factor-1 receptor (IGF-1R),
platelet-derived growth factor receptor-a (PDGFR-a), and cluster of differentiation antigen
40 (CD40, also known as TNFRS5 or p50).

Immunohistochemistry procedure

The primary and secondary antibodies used for IHC evaluation were selected based on
the literature and previous experience with antibodies for IHC staining in our lab [23]
(Supplementary Table S1). FFPE whole tissue samples from MFS patients were collected, and 4
um-thick sections were prepared using a microtome (Leica RM2235, Leica Biosystems, Nufiloch,
Germany). Next, sections were deparaffinized in xylene for 15 min, rehydrated in a series of
100%, 50%, and 25% ethanol dilutions, and rinsed in demineralized water. Subsequently,
endogenous peroxidase was blocked with 0.3% hydrogen peroxide in demineralized water
for 20 min. Afterwards, antigen retrieval was done as described in Supplementary Table S1
using the PT Link (Dako, Glostrup, Denmark), and two washing steps of 5 min in phosphate
buffered saline (PBS) were performed. According to the protocol, sections were incubated in
a humidified room with 150 pL primary antibodies using predetermined optimal solutions
based on a series of test stainings for each biomarker on positive as well as negative controls
(identified with the human protein atlas, Supplementary Table S1) [24]. Afterwards, slides were
washed three timesin PBS for 5 min and incubated with appropriate secondary antibodies (goat
anti-mouse HRP conjugate for VEGF-A: catalog number K4001, Agilent Technologies, Santa
Clara, CA, USA; and goat anti-rabbit HRP conjugate for all other biomarkers: catalog number
K4003, Agilent Technologies, Santa Clara, CA, USA), followed by an additional washing step.
Staining was visualized through incubation with 3,3-diaminobenzidine tetrahydrochloride
solution (DAB, K3468, Agilent Technologies, Inc., Santa Clara, CA, USA) for 10 min at room
temperature. Finally, sections were counterstained with Mayer’s hematoxylin solution for 30
s (Sigma-Aldrich, St. Louis, MO, USA) and rinsed. After dehydration in an incubator for 1 h at
37°C, slides were mounted with Pertex (Leica Microsystems, Wetzlar, Germany). A negative
(PBS) and conjugate control (only secondary antibody) were included to evaluate potential
nonspecific staining. Slides were examined under a Zeiss AxioSkop 20 light microscope (Carl
Zeiss, Jena, Germany), scanned using a PANNORAMIC 250 scanner (3DHISTECH Ltd., Budapest,
Hungary), and viewed using CaseViewer (3DHISTECH Ltd., Budapest, Hungary).

Objective Immunohistochemistry Scoring Method

A pathologist specializing in sarcoma (who works in a tertiary referral center and has more
than 10 years of experience) annotated the margin between tumor and adjacent healthy
tissue in each hematoxylin and eosin (H&E)-stained MFS tissue sample using the CaseViewer
application. Annotated images were saved and opened in ImageJ, an open platform for
biomedical image analysis [25]. An objective and easy-to-use 5 step protocol was used to
evaluate the difference in staining intensity between the tumor and adjacent healthy tissue
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(Supplementary Protocol S1). In step 1, we select the tumor and adjacent healthy tissue as
two separate regions of interest (ROI), based on manual annotations from the pathologist. In
step 2, the non-DAB color spectra are filtered out by using the color deconvolution option (H&E
DAB) [26]. In this way, only the relevant brown DAB staining that indicates biomarker staining
intensity can be assessed. In step 3, the image data is converted from the tridimensional RGB
color model into monochromous grayscale (pixel intensities ranging from 0 to 255) to reflect
DAB staining density. In step 4, the image is inverted, so high pixel intensities represent high
DAB staining density. Step 5 is the measurements step, where we measure the mean staining
intensity and standard deviation in tumor tissue and adjacent healthy tissue. These values
can be used for statistical analyses to indicate the difference in staining intensity between
the tumor and adjacent healthy tissue and to calculate the tumor-to-background ratio (TBR,
calculated as the mean staining intensity of the tumor ROI divided by the mean staining
intensity of the adjacent healthy tissue ROI), which is crucial for assessing a biomarker’s
potential for FGS; a higher TBR indicates a greater potential for its use in FGS.

Statistical Analysis

Statistical analyses were performed using SPSS version 25 (IBM Corp., Armonk, NY, USA),
and graphs were made using GraphPad PRISM (version 9, GraphPad Software, La Jolla, CA,
USA). The mean and standard deviation were used because the distribution of our data was
symmetric and there were no clear outliers. Descriptive statistics were used to report the TBR
of each biomarker. A comparison of the mean staining intensity within one sample (tumor
compared to adjacent healthy tissue) for biomarkers that showed good overall expression
was performed using a paired t-test. A comparison of the mean staining intensity between
two groups (with or without preoperative therapy) for biomarkers that showed good overall
expression was performed using an unpaired t-test. Significance was set at a p-value < 0.05.

Results

Patient Characteristics

Whole tissue blocks with vital tumor resection material and adjacent healthy tissue from
seventeen MFS cases were included in this IHC evaluation study (Table 1). The total cohort
had a mean age of 66 years; most of the included patients were male (n =9; 53%); most
tumors were located in the extremities (n = 14; 82%); most tumors had an intermediate or
high histological grade according to the French Federation of Cancer Centers Sarcoma Group
(FNCLCC) grading system (n = 13; 76%); most patients received preoperative therapy (n=11;
65%); and the histopathological response according to the European Organization for Research
and Treatment of Cancer-Soft Tissue and Bone Sarcoma Group (EORT-STBSG) was always E
(=50% stainable tumor cells; Table 1) [27,28].
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Table 1. Patient and tumor characteristics.

Patient Gender Age Tumorlocation Histological Preoperative Response score
Grade therapy (EORTC-STBSG)
(FNCLCC)

1 Female 77 Upperextremity 2 None Not applicable
2 Male 56  Upperextremity 1 None Not applicable
3 Female 62 Lowerextremity 1 Radiotherapy E

4 Male 68  Trunk 1 None Not applicable
5 Male 55  Lowerextremity 2 None Not applicable
6 Female 81  Trunk 3 None Not applicable
7 Female 63  Upperextremity 2 None Not applicable
8 Male 47  Lowerextremity 1 Radiotherapy E

9 Male 64  Upperextremity 2 Radiotherapy E

10 Female 64 Upperextremity 3 Radiotherapy E

11 Male 78  Lowerextremity 2 Radiotherapy E

12 Male 49  Lower extremity 2 Radiotherapy E

13 Female 70 Lowerextremity 2 Radiotherapy E

14 Male 70  Trunk 2 Radiotherapy E

15 Male 79  Lowerextremity 3 Chemotherapy E

16 Female 67 Upperextremity 2 Radiotherapy E

17 Female 66  Upperextremity 2 Radiotherapy E

Abbreviations: FNCLCC = French Federation of Cancer Centers Sarcoma Group classification system; 1 = low
grade, 2 = intermediate grade, 3 = high grade. EORTC-STBSG = European Organization for Research and
Treatment of Cancer-Soft Tissue and Bone Sarcoma Group; A = no stainable tumor cells, B = single stainable
tumor cells or small clusters (overall below 1% of the whole specimen), C ==1% - <10% stainable tumor cells,
D ==>10% - <50% stainable tumor cells, E = >50% stainable tumor cells.

Immunohistochemistry Results

Despite repeated scanning, annotating tumor tissue was impossible for two samples due to
destructed IHC slides (loss of attachment) and bad imaging quality. We were able to include
seventeen MFS cases in our IHC analyses. For the patients that had more than one FFPE
sample, mean staining intensity values were averaged to ensure that each patient had one
corresponding mean staining intensity value for the tumor tissue and one corresponding mean
staining intensity value for the adjacent healthy tissue.

TEM-1, PDGFR-a, and VEGF-A Are Promising Biomarkers for FGS in MFS

Diffuse, strong TEM-1 expression was observed in all MFS (100%). For all TEM-1-stained
samples, there was a mean staining intensity of 81 in tumor tissue (mean standard deviation
39) and a mean TBR of 3.1. Although TEM1 staining intensity values varied greatly between
different samples, expression was always higher in tumors than in adjacent healthy tissue
(Figure 1). For most cases, clear differences were observed between the tumor and adjacent
muscle and fat tissue (Figures 2 and 3).
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Diffuse, strong VEGF-A staining was also observed in all cases (100%), where the mean staining
intensity of tumor tissue was 88 (mean standard deviation, 45). However, VEGF-A had a mean
TBR of 2.4 because staining intensity was relatively high in adjacent healthy tissue. Moreover,
in three samples, the staining intensity was higher in adjacent healthy tissue than in tumor
tissue, resultingin a TBR <1 (Figure 1).

For PDGFR-a, all MFS tumor cases (100%) also showed diffuse, strong expression, with a
mean staining intensity of 64 (mean standard deviation, 36) and a mean TBR of 1.8. Similar to
the VEGF-A staining, three samples had a higher staining intensity in adjacent healthy tissue
compared to tumor tissue, resulting in a TBR < 1 (Figure 1).

TEM1 staining intensity difference VEGF-A staining intensity difference PDGFR-a staining intensity difference
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Figure 1. Tissue intensity difference between tumor- and adjacent healthy tissue per myxofibrosarco-
ma-stained sample. Exact mean staining intensity values per case are displayed on the left- and right
y-axis. TEM-1 displays the highest difference in tumor- versus adjacent healthy tissue staining intensity. For
three cases, VEGF-A staining intensity and PDGFR-a staining intensity was higher in adjacent healthy tissue
compared to tumor tissue (shown in red). Samples had a statistically significant higher staining intensity in
tumor- compared to adjacent healthy tissue for the TEM-1, VEGF-A, and PDGFR-a staining groups (p<0.05).
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|
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Figure 2. Grade 2 MFS located in the upper arm of a 63-year-old female. H&E staining of MFS tumor tissue
(T), the tumor border (black line) and adjacent muscle tissue (M) (A). Corresponding TEM-1 staining (B): the
upper right 10x enlarged image displays tumor tissue (T), the tumor border (black line), and adjacent healthy
muscle tissue (M). The lower right corresponding image shows a gradient map of the same TEM-1 staining
which clearly delineates tumor from adjacent healthy tissue.

o TEM-1 expression

High TEM-1 expression

Figure 3. Grade 3 MFS tumor located in the upper arm of a 64-year-old female. H&E staining of MFS tumor
tissue (T), the tumor border (black line) and adjacent muscle- and fat tissue (M and F) (A). Corresponding
TEM-1 staining (B): the upper right 30x enlarged image displays tumor tissue (T), blood vessels (B), and ad-
jacent fat tissue (F). The lower right corresponding image shows a gradient map of the same TEM-1 staining
which clearly delineates tumor from adjacent healthy tissue.

VEGFR-1, VEGFR-2, EGFR, IGF-1R, and CD40 did not show good overall expression
Unfortunately, VEGFR-1, VEGFR-2, EGFR, IGF-1R, and CD40 was (Supplementary Figure S3) not
expressed in 13/17 (76%) MFS cases (Supplementary Figures S1 - S3). Based on the 4 (24%)
cases that showed biomarker expression, VEGFR-1 had a mean tumor staining intensity of 21,
with a mean TBR of 1.5. In the same cases, mean tumor staining intensity was 25 for VEGFR-2
(mean TBRO0.7), 7 for EGFR (mean TBR0.9), 7 for IGF-1R (mean TBR 0.5), and 18 for CD40 (mean
TBR2).
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Preoperative therapy did not significantly affect TEM-1, PDGFR-a, and VEGF-A
expression

Six patients (35%) from the MFS tumor group did not receive any preoperative therapy.
Subgroup analysis did not show statistically significant differences between mean tumor
intensity and TBR values of TEM-1, VEGF-A and PDGFR-a when comparing groups of stained
tissue samples with- or without preoperative therapy (Table 2). Surprisingly, mean tumor
intensity scores were higher in the subgroup that received preoperative therapy compared
to the group without preoperative therapy.

Table 2. Intensity scores and tumor-to-background ratios of TEM-1, VEGF-A, and PDGFR-a categorized
by preoperative therapy.

With preoperative Without preoperative p-Value
therapy (n=11) therapy (n=6)
TEM-1
Mean tumor intensity 85 74 0.60
Mean TBR 3.5 2.2 0.29
VEGF-A
Mean tumor intensity 96 73 0.38
Mean TBR 2.7 1.8 0.19
PDGFR-a
Mean tumor intensity 70 52 0.21
Mean TBR 1.9 1.5 0.41

Abbreviations: TBR = tumor-to-background ratio (calculated as mean staining intensity of the tumor- divided
by mean staining intensity of the adjacent healthy tissue).

Discussion

FGS could improve adequate tumor resections by delineating tumor tissue from adjacent
healthy tissue. This IHC study evaluated eight candidate biomarkers for FGS in seventeen MFS
tumors in comparison with adjacent healthy tissue. A pathologist specializing in sarcomas
annotated tumor tissue, and staining intensity was assessed using an objective scoring
method. All MFS tissue samples showed expression of TEM-1, PDGFR-a, and VEGF-A. However,
the mean TBR was higher for TEM-1 than for VEGF-A and PDGFR-a. Therefore, this study
identified TEM-1 as the most suitable biomarker for FGS in MFS. Interestingly, no statistically
significant differences were observed between the intensity scores of TEM-1, PDGFR-a, and
VEGF-A with or without preoperative therapy, suggesting FGS based on these markers might
still be feasible after preoperative therapy. Although IHC results might not directly correspond
to clinical results, our findings align with the previous study published by de Gooyer et al.
[23]. Here, 34 MFS tissue microarrays showed high expression for VEGF-A and TEM-1 and
moderate expression for PDGFR-a. Additional H&E and TEM-1 stainings were performed on
ten FFPE blocks with tumor and adjacent healthy tissue. Although results were not objectively
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assessed, clear tumor- to-adjacent healthy tissue borders were reported in all TEM-1-stained
sections. The added value of our study is the comprehensive and objective assessment of eight
previously selected promising biomarkers for FGS in a higher amount (seventeen) of MFS tissue
samples with adjacent healthy tissue. For each biomarker, this study described the number
of MFS tissue samples that displayed expression, the mean tumor staining intensity, and the
mean TBR. This broader approach gives a better understanding of which biomarker is most
suitable for FGS in MFS. Steinkamp et al. could delineate several STS subtypes, including seven
MFS, with Bevacizumab-800CW targeting VEGF-A in vivo [18]. In this paper, fluorescence TBRs
of 2.0-2.5 were reported with doses of 10-25 mg tracer. Although overexpression of VEGF-A
in STS has been described in several studies, the tumor-specificity of VEGF-A in MFS has not
been reported [29-31]. Our study demonstrated three cases where VEGF-A was expressed
more in adjacent healthy tissue compared to tumor tissue, which would be dramatic in the
case of VEGF-A-based FGS as it could lead to over-resection with more wound complications
and increased functional impairments as a consequence. Based on our IHC evaluation, this
phenomenon seems less expected for TEM-1 because it has always been expressed more in
tumor tissue compared to adjacent healthy tissue. Therefore, a TEM-1 targeting moiety, such
as a humanized, clinically approved monoclonal antibody like Ontuxizumab or an anti-TEM-1
antibody fragment (1C1m) conjugated to a fluorophore, could be a more specific alternative
than Bevacizumab-800CW [32,33].

This study has several strong points. The first strength is the inclusion of seventeen whole
tissue samples with MFS tumor and adjacent healthy tissue assessed by a pathologist
specializing in sarcoma. Second, the selected biomarkers in this IHC evaluation study had
a scientifically robust basis because they were selected as promising biomarkers for FGS
by a clinical trial that had already included MFS patients and a previous systematic review
that selected targets for FGS in soft tissue sarcomas [18,21]. Another positive aspect, which
should be the basis of IHC research with FFPE material, is the methodological transparency:
optimal primary antibody solutions were predetermined based on a series of test stainings
for each biomarker on positive as well as negative controls that were identified with the
human protein atlas (Supplementary Table S1) [24]. Ambiguous staining results on control
tissue were repeated with different antibody concentrations and sometimes on other positive
or negative control tissues. Comparing IHC studies for the purpose of FGS should normally
be done with caution due to the variability of results depending on the type of antibodies,
dilutions, epitopes, clones, or staining protocols used [34]. However, by using the five step
protocol (Supplementary Protocol S1), we were able to objectively quantify the intensity
of each biomarker’s staining, and our results depended less on subjective assessment by
pathologists with interobserver variability [35]. Biomarker staining densities are still somewhat
affected by pathology scanner characteristics and settings, color deconvolution algorithms,
and variability in manual annotations. Negative aspects of the current objective scoring
method are the lack of comparison with a manual scoring method, the lack of correction
for cell density, and the fact that parts without tissue, such as empty fat vacuoles, were
also part of the intensity measurements. Yet, we believe this method should be adopted
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by others because it is unbiased, reproducible, and reliable in assessing the difference in a
biomarker’s staining intensity between tumor and adjacent healthy tissue for its potential
in FGS. Limitations of the study include the lack of use of standard, semi-automated image
annotation software to score the stained tissue. Automated image annotation algorithms,
such as those that can be trained in QuPath, could also provide a more objective evaluation
of biomarker expression [36]. Although QuPath has been previously used in our group, we
decided not to do so because our cohort is relatively small, which complicates validation
algorithms [37]. In addition, QuPath could also wrongly classify out-of-focus tissue areas
and staining artifacts. Another limitation is the absence of diagnostic biopsy material from
MFS patients to directly compare the preoperative therapy effect on biomarker expression.
Response to neoadjuvant therapy could lead to decreased biomarker expression intensity if
there is a large percentage of non-stainable tumor cells. All patients in our cohort had 250%
stainable tumor cells (according to the EORTC-STBSG), which could explain why preoperative
therapy did not significantly affect TEM-1, PDGFR-a, and VEGF-A expression [28]. From other
types of cancer, such as breast and pancreatic cancer, we know that IHC staining patterns
change after neoadjuvant therapy, but for TEM-1 in MFS, this remains largely unknown [38,39].
Although our analysis of the preoperative therapy effect did not have sufficient statistical
power to draw conclusions, de Gooyer et al. also state that preoperative radiotherapy did
not significantly influence TEM-1 expression in MFS tissue [23]. This observation could also
be due to an increased expression with enhanced tumor grade and is particularly relevant as
preoperative radiotherapy is currently advised for most intermediate- and high-grade MFS
patients (21% of MFS patients in the Netherlands according to a recent epidemiological study)
[5,14,30,40]. As briefly highlighted before, TEM-1 targeted tracer based on Ontuxizumab or
1C1m and conjugated to a fluorophore should be further investigated. For clinical translation,
itis highly important that a targeted tracer against a promising biomarker (i.e., TEM-1 targeted
tracer for MFS) is applicable to the majority of patients. Although our sample size is too small
per subgroup to draw hard conclusions, we did not notice any association between staining
intensity and tumor characteristics, like grade or location. Ideally, one universal FGS tracer
should be implemented to improve clinical outcomes for all oncological patients. However,
current literature provides mixed results concerning TEM-1 expression in other cancer
subtypes. On one hand, TEM-1 is predominantly expressed by fibroblasts and a subset of
pericytes associated with tumor vessels but not by tumor endothelium in melanoma, ovarian,
lung, and brain cancer. On the other hand, several studies conclude that TEM-1 is strongly
expressed on tumor cells, tumor vasculature, and stroma in the majority of soft tissue and
bone sarcomas [41-47]. Future studies are needed to determine if TEM-1 is indeed expressed
in other sarcomas and if TEM-1-specific tracers are suitable for FGS. For now, the main benefit
of a TEM-1 targeted tracer seems to reside in delineating MFS from adjacent healthy tissue,
which could theoretically lead to reduced LR and improved survival rates.

74



Immunohistochemical Evaluation of Biomarkers for Fluorescence-Guided Surgery of Myxofibrosarcoma

Conclusions

Fluorescence-guided surgery (FGS) has the potential to improve the surgical outcomes of
myxofibrosarcoma (MFS) patients by delineating tumors from adjacent healthy tissue. This
study evaluated eight biomarkers for their potential in FGS in seventeen MFS samples with
adjacent healthy tissue. Expression of tumor endothelial marker-1 (TEM-1), vascular endothelial
growth factor-A (VEGF-A), and platelet-derived growth factor receptor a (PDGFRa) was
observed in all MFS tumors. However, TEM-1 was identified as the most promising biomarker
for FGS in MFS because it had the highest tumor-to-background intensity ratio regardless of
preoperative therapy. Therefore, TEM-1-targeted FGS tracers should be further investigated
to optimize MFS treatment.
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Immunohistochemical Evaluation of Biomarkers for Fluorescence-Guided Surgery of Myxofibrosarcoma

Supplementary protocol S2. New objective immunohistochemistry
scoring method.

Step 1. Select the regions of interest.

Open the stained slide in ImageJ and select the regions of interest based on annotations from
the pathologist. In ImageJ use “Analyze -> Tools -> ROl manager...” to select tumor tissue and
adjacent healthy tissue (Figure 1).

(il o)l '_\Ape‘:.un-‘ lnlpl.ra »
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Figure 1. The regions of interest “Tumor tissue” and “Adjacent healthy tissue” have been selected.
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Step 2. Filter out background colors using the “color deconvolution” option in
ImageJ.

Select “Image -> Color -> Color deconvolution and select H&E DAB” in ImageJ to acquire the
image that only shows the relevant brown DAB staining (Figure 2).
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Figure 2. Only the relevant DAB staining is selected.
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Step 3. Change color to greyscale
Select “Edit -> Options -> Conversions...” and tick the “Weighted RGB conversions” box and

click “OK”. Afterwards, select “Image -> Type -> 8-bit” to convert the brown DAB staining into

grayscale.
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Figure 3. The image is converted into grayscale.
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Step 4. Invert black and white

Select “Edit-> Invert” to invert the image. Now the pixel values correlate with staining intensity
(Value black = 0 and value white = 255; Figure 4).
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Figure 4. The whole image is inverted (left) or the selected regions are inverted (right); both options
give the same result.
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Step 5. Measure the mean pixel (staining) intensity value and the standard
deviation

Select “Analyze -> Set Measurements...” and select “Mean gray value and Standard deviation”.
In ROI manager select measure (Figure 5).
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Figure 5. Mean intensity and standard deviation intensity values have been measured in “Tumor tissue
(1)”, and “Adjacent healthy tissue (2)”.
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Supplementary Figure S3. MFS tumor located in the lower arm of a 64-year-old male who received pre-
operative radiotherapy. H&E staining of MFS tumor tissue (T), the tumor border (black line) and adjacent
muscle tissue (M) (A). Corresponding TEM-1 staining displays TEM-1 expression in MFS tumor tissue, while
TEM-1 expression in adjacent muscle tissue was low (B). PDGFR-a and VEGF-A staining was strong in MFS
tumor tissue, but adjacent muscle tissue was also stained positive (C, D). Expression of VEGFR-2, VEGFR-1,
EGFR, CD40 and GF-1R was less evident in MFS tumor tissue (E up untill I).
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Supplementary Figure S4. Grade 2 MFS tumor located in the upper arm of a 63-year-old female. H&E
staining of MFS tumor tissue (T), the tumor border (black line) and adjacent muscle tissue (M) (A). Corre-
sponding TEM-1 staining shows strong TEM-1 expression in MFS tumor tissue, while TEM-1 expression in
adjacent muscle tissue was low (B). PDGFR-a and VEGF-A staining was strong in MFS tumor tissue, but
adjacent muscle tissue also stained positive (C, D). Although positive controls stained positive, there was
virtually no expression of VEGFR-2, VEGFR-1, EGFR, CD40 and IGF-1R in MFS tumor tissue (E up untill I).
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Supplementary Figure S5. Grade 3 MFS tumor located in the upper arm of a 64-year-old female. H&E
staining of MFS tumor tissue (T), the tumor border (black line) and adjacent muscle- and fat tissue (M
and F) (A). Corresponding TEM-1 staining displays TEM-1 expression in MFS tumor tissue, while TEM-1
expression in adjacent muscle- and fat tissue was low (B). PDGFR-a and VEGF-A staining was also strong
in MFS tumor tissue, with little staining in adjacent muscle- and fat tissue (C, D). There was virtually no
expression of VEGFR-2, VEGFR-1, EGFR, CD40 and IGF-1R (E up untill I).
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Chapter 4

Abstract

Sarcomas are a rare heterogeneous group of malignant neoplasms of mesenchymal origin which
represent approximately 13% of all cancers in pediatric patients. The most prevalent pediatric bone
sarcoma are osteosarcoma (OS) and Ewing sarcoma (ES). Rhabdomyosarcoma (RMS) is the most
frequently occurring pediatric soft tissue sarcoma. The median age of OS and ES is approximately
17 years, so this disease is also commonly seen in adults while non-pleiomorphic RMS is rare in
the adult population. The mainstay of all treatment regimens is multimodal treatment containing
chemotherapy, surgical resection, and sometimes (neo)adjuvant radiotherapy. A clear resection
margin improves both local control and overall survival and should be the goal during surgery with
acurative intent. Real-time intraoperative fluorescence-guided imaging could facilitate complete
resections by visualizing tumor tissue during surgery. This review evaluates whether non-targeted
and targeted fluorescence-guided surgery (FGS) could be beneficial for pediatric OS, ES, and RMS
patients. Necessities for clinical implementation, current literature, and the positive as well as
negative aspects of non-targeted FGS using the NIR dye Indocyanine Green (ICG) were evaluated.
In addition, we provide an overview of targets that could potentially be used for FGS in OS, ES, and
RMS. Then, due to the time- and cost-efficient translational perspective, we elaborate on the use
of antibody-based tracers as well as their disadvantages and alternatives. Finally, we conclude
with recommendations for the experiments needed before FGS can be implemented for pediatric
OS, ES, and RMS patients.
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Introduction

Sarcomas are a rare heterogeneous group of malignant neoplasms of mesenchymal origin
representing approximately 13% of all cancers in pediatric patients [1,2]. Sarcomas are
generally subdivided into bone sarcomas and soft tissue sarcomas (STS) [3]. The most
prevalent pediatric bone sarcoma is osteosarcoma (0S), with an annual incidence of 8-11
cases per million at 15-19 years of age [4], followed by Ewing sarcoma (ES), with an annual
incidence of 9-10 cases per million at 10-19 years of age [5]. Rhabdomyosarcoma (RMS) is the
most frequently occurring STS in the pediatric population representing approximately 40%
of all STS with an annual incidence of five cases per million below the age of 2 [6].

0S, ES, and RMS are commonly treated with multimodality therapy comprising surgery
and (neo)adjuvant chemotherapy with or without radiotherapy [7-11]. For surgery, the
current standard has been moved from amputations (with radical or wide margins)
towards limb-salvage surgery with free margins [12,13]. Hence, the accuracy of surgical
resection is an important prognostic factor for local recurrence free and overall survival
rates [7,14,15]. Although preoperative radiological imaging aids surgical planning, intra-
operative margin assessment can be challenging, particularly when tumor tissue is surrounded
by vital neurovascular structures or when tumors are located within deeper and more complex
anatomical sites such as the pelvis or the head and neck region. Unfortunately, inadequate or
positive resection margins are described in 10-40% of OS, 15-30% of ES, and in 20-30% of RMS
[12,16-20]. Differences in local recurrence rates, 5-year overall survival, or 5-year event-free
survival between adequate (defined as radical or wide) and inadequate (defined as marginal
or intralesional) resection margins range from 20 to 25% in favor of adequate resection
margins [7,12,14,17]. Apart from increasing local recurrence free and overall survival rates,
complete resections help reduce total dosages of adjuvant chemo- and or radiotherapy [7,16].
This is particularly relevant for pediatric patients as survivors face risks of common cancer
treatment-related side effects, such asimpaired growth and development, organ dysfunction,
and secondary malignancies [21,22].

Theincreased local recurrence and decreased survival rate on the one hand and the increased
risk of treatment-related side effects on the other hand indicate the necessity for adequate
surgical resections. The real-time intraoperative visualization of malignancies could improve
resection accuracy by aiding the surgeon to discriminate between healthy and malignant
tissue. Fluorescence-guided surgery (FGS) is one of the promising technological advances
facilitating the visualization of tumors in real-time during surgery [23,24].

FGS exploits the advantages of near-infrared-I (NIR-I) light (750-1000nm) or NIR-II light (1000-
1700nm), which have a tissue penetration of several millimeters to a centimeter deep [25].
Another advantage of NIR light is that almost no autofluorescence is exhibited in the NIR
spectrum by biological tissue, which maximizes the potential tumor-to-background ratio of
fluorescence when visualizing tumors [26,27]. In addition, the surgical field is generally not
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altered by NIR light, as the human eye is insensitive to NIR wavelengths [28]. The two main
requirements for FGS comprise a fluorescent tracer and a dedicated camera system which
captures light emitted by the tracer upon excitation with an appropriate light source [27]. FGS
camera systems are manufactured by several companies; systems for open-, endoscopic- and/
or robotic surgery were developed and are currently available [29].

Depending on which fluorescent tracers are applied, both non-targeted and targeted FGS is
possible [28,30]. Indocyanine green (ICG) is the most used and investigated fluorescent dye
for non-targeted FGS. Its benefits have been shown, amongst others, in assessing perfusion,
identifying liver metastases, and visualizing sentinel lymph nodes [24,31]. Targeted tracers
contain fluorophores conjugated to cancer-specific targeting moieties such as antibodies,
peptides, or small molecule inhibitors [32,33]. While FGS has been investigated with promising
results in various types of malignancies, information regarding its application in pediatric
sarcomas such as OS, ES, and RMS is relatively scarce [34]. This review evaluates whether non-
targeted and targeted FGS strategies hold promise for OS, ES, and RMS surgery. Necessities
for clinical implementation, current literature, and the disadvantages of non-targeted FGS
using ICG versus targeted FGS are evaluated. In addition, we provide an overview of tumor
receptors that could be targeted in OS, ES, and RMS. Then, due to the time- and cost-efficient
translational perspective, we elaborate on the use of antibody-based tracers as well as
their disadvantages and alternatives. Lastly, we conclude with recommendations for the
experiments needed before FGS can be implemented for pediatric OS, ES, and RMS patients.

Non-Targeted Fluorescence-Guided Surgery for OS, ES, and RMS
Using Indocyanine Green

The indocyanine fluorescent dye ICG is already implemented for FGS in clinics. Currently, ICG
is registered under two names: ICG-GREEN (Food and Drug Administration; FDA, Washington,
D.C., USA) and Verdye (European Medicines Agency; EMA, Amsterdam, The Netherlands). It can
be administered with a maximum intravenous dose of 1.25mg/kg for children aged 0-2 years,
2.5mg/kg for children aged 2-11 years, and 5mg/kg for children older than 11 years [35]. Once
ICGis administered, it binds to plasma proteins, thereby increasing its hydrodynamic diameter
to approximately 10nm [36]. These complexes accumulate in tumors due to their leaky vascular
capillaries, referred to as the enhanced permeability and retention (EPR) effect [37]. Once in
the tumor, these molecules remain there due to their general characteristics such as size,
shape, charge, and polarity, rather than tumor cell-specific binding.

ICG has been shown to be safe and accurate for the intra-operative visual identification of

several tumor types in adults, such as colorectal liver metastasis, hepatocellular carcinoma,
and brain tumors [26].

94



Introducing Fluorescence-Guided Surgery for Pediatric Ewing, Osteo- and Rhabdomyosarcomas: A Literature Review

Although not applied for sarcoma resections, there is experience with ICG-guided surgery for
pediatric patients [38]. Esposito et al. reported their results in 76 laparoscopic and/or robotic
procedures (40 left varicocelectomies, 13 renal procedures, 12 cholecystectomies, 5 tumor
excisions, 3 lymphoma excisions, 3 thoracoscopic procedures, 2 lobectomies, and 1 lymph
node biopsy). They concluded that ICG-guidance is useful because it is easy to apply, safe,
and allows for the better identification of anatomical structures as well as easier surgical
dissection or resection in challenging cases. The technology is now also used in trial settings
for pediatric surgical oncology [39].

Indocyanine Green for Sarcoma Resections

Only one study describes the use of ICG for various sarcoma resections in 26- to 79-year-
old adults [40]. They included eleven patients, among which were one OS patient and one
pleomorphic RMS patient who received 75 mg ICG 16-24h before surgery. All sarcomas
contained a fluorescent signal, except for the OS patient. However, this tumor was more than
90% necrotic due to neoadjuvant treatment. For the two patients, including the RMS patient,
ICG fluorescence was of definite guidance, leading to extended tissue resection to improve
the resection margin.

Multiple studies describe the use of ICG for the resection of pulmonary metastases, which
also frequently occur in young sarcoma patients [41]. Predina et al. administered 5mg/kg
ICG 24h preoperatively to 30 adult patients (23-79 years) suspected of pulmonary sarcoma
metastases, including six OS patients, four ES patients, and two RMS patients [42]. They found
that during thoracotomy or thoracoscopy, respectively, 88 and 89% of pulmonary sarcoma
metastases showed fluorescence. Non-fluorescent (tumor-to-background ratio <2) lesions
were located deeper than 2 cm, corresponding with the maximum tissue penetration of
light at this wavelength (<1 cm). Furthermore, ICG fluorescence identified additional occult
lesions among which 88% were confirmed metastases and the others lymphoid aggregates.
In addition, Keating et al. administered 5 mg/kg ICG 24h preoperatively to eight adult patients
(exact age not described) with the suspected pulmonary metastasis of various primary tumors
including two OS patients [43]. Intraoperative thoracoscopic ICG fluorescence identified six
of the eight preoperatively localized lesions. The missed nodules were the deepest from the
pleural surface on the CT scan (1.8cm and 1.6cm). One additional nodule was identified by
ICG fluorescence, which was a metastasis as confirmed by pathology. In addition, Okusanya
et al. administered 5 mg/kg ICG 24h preoperatively to 18 adult patients (29-79 years) with
solitary pulmonary nodules that required resection [44]. Intraoperative thoracotomic ICG
fluorescence identified 16/18 primary nodules with a maximum depth of 1.3cm from the
pleural surface. The two non-fluorescent nodules were identified by manual palpation and
visual inspection. Additionally, ICG fluorescence also identified five additional subcentimeter
nodules (minimum size 0.2cm) of which two were metastatic sarcomas and three were
metastatic adenocarcinomas.
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Despite these results, it must still be assessed for which pediatric sarcoma types, often
biologically different from sarcomas in adult patients, the application of non-targeted FGS
using ICG could be useful [45]. St. Jude Children’s Research Hospital is currently performing
a large phase 1 single-center trial for pediatric oncology patients, which will include 39 OS,
39 ES, and 39 RMS patients. The results of this trial (scheduled end-date December 2022) will
represent a large step forward in unraveling whether FGS using ICG could be of additive value
for pediatric OS, ES, and RMS patients.

Pros and Cons of Fluorescence-Guided Surgery and Indocyanine Green for Patient
and Surgeon

In general, FGS has several advantages when compared to other intra-operative detection
methods. As mentioned in the introduction, it has a tissue penetration of several millimeters
up to a centimeter, depending on the tissue type. It is relatively harmless compared with
intraoperative computed tomography or radio-active agents. In addition, NIR-light emitted
by NIR fluorophoresis invisible to the naked eye and thus does not contaminate the surgical
field nor does it leave long lasting tattoos, as is the case with blue dye [46]. Moreover, unlike the
intraoperative histopathological examination of the surgical margin, FGS does not interrupt
the surgical workflow [47]. Additional advantages have been reported for ICG specifically.
ICG is relatively cheap and immediate reinjections are possible to assess perfusion when the
fluorescent signal has diminished [48]. Furthermore, ICG is shown to be safe with only minor
risks of adverse events, i.e., arisk of less than 1 in 10,000 of an anaphylactic reaction. Finally,
ICG for FGS is generally given 24h preoperatively, which is usually the moment patients are
admitted to the hospital before undergoing tumor resection.

However, the general disadvantages of FGS include an additional investment for a dedicated
camera system which may not be affordable for every hospital. In addition, bone tumors and
nodules located deeper than 1cm could still be missed due to the limited depth penetration of
NIR fluorescence [25,49]. For the use of ICG, additional caveats and disadvantages have been
described. First, there is not much scientific evidence regarding tumor-specific resections.
Therefore, there is no proof that the use of ICG for tumor resections is beneficial for patient
outcomes such as functional outcome, disease-specific local recurrence, and/or disease-
specific survival. Secondly, since ICG is dissolved in a solution containing iodine, its application
is contraindicated in patients with an iodine allergy or thyroid abnormalities, such as a clinical
manifest hyperthyroidism or autonomous thyroid adenoma iodine [50]. In addition, patients
with renal insufficiency might have an increased risk of anaphylactic reactions. Therefore,
the advantages of ICG for patients with renal insufficiency (estimated GFR of <30ml/min/1.73
m?) should be carefully weighed against the risk of potential adverse events. Additionally,
for patients that would not be admitted 24h preoperatively, intravenous administration of
ICG may be a burden from a logistical and financial point of view. Lastly, ICG fluorescence
is associated with the EPR effect, which is known to be influenced by many factors, such as
the tumor type, size, presence of necrosis, location, inflammation, and vascular mediators.
Therefore, the signal intensity of ICG is unpredictable. False negativity could occur in cases
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with very small nodules, nodules with extensive necrosis or minimally viable tissue. In addition,
false positivity could occur as well, for example in tissue with reactive changes or high levels
of vascular permeability mediators such as bradykinin and prostaglandin [51,52].

Targeted Fluorescence-guided Surgery for OS, ES, and RMS

Tumor-specific FGS does not depend on the tumor microenvironment, such as ICG with the
EPR effect, but depends on tracers that bind to tumor-specific receptors. To select tumor-
specific receptors that are appropriate for FGS, several characteristics have to be evaluated.
The most important parameters for target selection are the following: targets should have
been assessed in a large amount of tumor samples as this represents a measurement of
evidence; a high percentage of tumor samples should actually express the tumor-specific
target; when a tumor is positively stained, a high percentage of tumor cells should express the
target; there should be a diffuse expression pattern of the tumor-specific target throughout
the whole tumor and not in specific parts; the receptor should be preferably located on the
cell surface of malignant cells to permit direct targeting with the possibility of internalization
for a long-lasting signal; the tumor-specific receptor is still present after neoadjuvant therapy,
which is important because neoadjuvant therapy is standard treatment for OS, ES, and non-
pleiomorphic RMS; and the expression of the target should be absent or substantially less in
adjacent normal tissue to adequately differentiate tumor from healthy tissue (Table 1).

Table 1. Important parameters for target selection.

Target expression is evaluated in a large amount of tumor samples as this represents a measurement
of evidence

A high percentage of evaluated samples display positive staining

When a tumor is stained positively, a high percentage of tumor cells express the target

The target is expressed diffusely throughout the whole tumor

The target is located on the cell surface of malignant cells

Expression of the target persists after neoadjuvant therapy

Target is minimally or not expressed in adjacent healthy tissue

Promising Tumor Specific Fluorescent Agents for ES, OS, and RMS

Bosma et al. systematically reviewed 86 articles that studied 47 targets for FGS in
primary ES tumors [53]. Cell surface protein expression was evaluated by Western blot or
immunohistochemistry, and in descending order, the following nine targets were selected as
the most promising for FGS: Cluster of differentiation 99 (CD99), C-X-C chemokine receptor
type 4 (CXCR4), occludin, neuropeptide receptor Y1 (NPY1), LINGO-1, insulin like growth factor
1 receptor (IGF-1R), claudin-1, c-kit (also known as cluster of differentiation 117; CD117),
and NOTCH receptor. Except for occludin, all previously mentioned targets have clinically
available targeting moieties which in principle can be used for FGS in ES [53]. Still, further
immunohistochemical studies that include both tumor and adjacent normal tissue should be
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performed to choose the most optimal candidate. In addition, more recent diagnostic markers,
such as NKX2.2, could also be evaluated for their potential in FGS [54]. Nevertheless, the first
steps were made to explore the promising targets for FGS in ES patients.

Systematic reviews selecting promising tumor-specific targets for OS and RMS have not been
published to date. Therefore, we evaluated the literature to identify targets for FGS of OS and
RMS. First, clinically available antibodies and their respective targeting antigens for these
tumor types were identified from PubMed and clinicaltrials.gov (Supplementary Tables S1 and
S2). This search was restricted to therapeutic antibodies which have been previously or are
currently evaluated in clinical trials because these antibodies can be relatively time- and cost-
efficiently modified into fluorescent tracers [23,55]. Second, PubMed searches were performed
to find important information for target selection (Appendix A). Here, we considered targets
promising for FGS if the expression was evaluated in at least 20 tissue samples for a tumor
subtype and more than 50% of the samples stained positive. When targets did not meet these
two requirements, they were considered less promising. Although the remaining criteria
in Table 1 are indeed important, solely data on sample size and the percentage of positive
samples were available for each target. Therefore, only these two criteria could be assessed
to determine the most promising targets.

Based on this strategy, the following seven targets were considered candidates for the FGS
of OS: AXL receptor tyrosine kinase (AXL), B7 homolog 3 (B7-H3), cluster of differentiation 47
(CD47), disialoganglioside GD2 (GD2), transmembrane nonmetastatic melanoma protein B
(gpNMB), IGF-1R, and vascular endothelial growth factor A (VEGF-A). Interestingly, all promising
targets were demonstrated to internalize upon binding with an antibody (-derivative) in
other tumor types, except for VEGF-A as it is not a cell-surface expressed receptor [56-60]. In
contrast, three targets with clinically therapeutic antibodies were considered less promising
for FGS. These were: human epidermal growth factor receptor 2 (HER2), programmed death-
ligand 1 (PD-L1), and tumor endothelial marker 1 (TEM1) (Table 2).

An important nuance is that HER2, PD-L1, and VEGF-A were investigated in a large number of

(pre)clinical studies. The remaining targets were evaluated considerably less. Publication bias
might have had an impact on the published results concerning these targets.
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For RMS, less literature is published regarding the expression of targets with clinically
available antibodies. Based on the criteria in Table 1, three promising targets were selected:
the cluster of differentiation 56 (CD56), IGF-1R, and VEGF-A (Table 3). Of these, IGF-1R has been
demonstrated to internalize [59]. Interestingly, all studies are mainly investigated alveolar RMS
and/or embryonal RMS. These are the subtypes which most frequently occur in pediatric RMS
patient. In contrast, B7-H3 and TEM1 were considered less promising for FGS in RMS (Table 3).

Combining the results from the systematic review by Bosma et al. with Tables 2 and 3,
IGF-1R seems the only target that is simultaneously promising for OS, ES, and RMS [53]. This
suggests that a fluorescent dye conjugated to a clinically available antibody targeting IGF-1R
(Supplementary Tables S1 and S2) could be applicable for the majority of pediatric OS, ES,
and RMS sarcoma patients.

Obstacles Regarding the Selection of Tumor Specific Targets for Fluorescence-Guided
Surgery

Data presented in the previous paragraphs are based on immunohistochemical studies
which have been performed for other purposes than FGS. Therefore, the interpretation of
the results of those studies for FGS purposes should be done with caution. The comparison
of immunohistochemical studies is complicated as large inconsistencies in reported target
expression exist between various studies. This can be due to the application of different
antibodies for the same target but against various epitopes, due to differences in staining
protocols, or due to inter-/intra-tumoral heterogeneity [61-63]. Moreover, the use of
immunohistochemical evaluation in formalin-fixed paraffin-embedded (FFPE) samples with
the intention to target the same protein on living cells for imaging purposes has multiple
disadvantages. A prominent cause of the loss of antigenicity is formalin fixation which
generates crosslinks between adjacent proteins that result in the steric interference of antibody
binding to the respective epitope [64]. Furthermore, bone tissue requires decalcification,
which is known to impair antigen retrieval and alters the immunohistochemical staining
intensity [65,66].

To overcome the aforementioned obstacles, studies with the aim of target evaluation for FGS
should be performed. Here, the staining of undecalcified fresh frozen sections (FFS) could be
advantageous [62,67,68]. Unfortunately, many clinical FFS specimens are not readily available
in this form, which complicates acquiring large sample sizes; storage is expensive and requires
an advanced infrastructure; and tissue morphology is less well preserved over time compared
to FFPE [69-71].

Translational Perspective of Targeted Fluorescence-Guided Surgery for OS, ES, and
RMS

The previous sections provide an overview of potential tumor-specific targets for OS, ES, and
RMS. As fluorophores by themselves generally lack tumor specificity, they could be conjugated
to a targeting moiety such as a monoclonal antibody, a peptide, or small molecule inhibitors
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[33]. Antibody-based tracers are most often investigated for FGS as monoclonal therapeutic
antibodies against a wide variety of targets are readily available and can be repurposed for
FGS by fluorophore conjugation [27]. For this purpose, various fluorophores are available,
and some are clinically approved, paving the way for implementing FGS to optimize surgical
oncology [29].

Several therapeutic antibodies binding to candidate targets for OS, ES, and RMS are
available (Supplementary Table S1). Additional therapeutic antibodies that are currently
being investigated in clinical trials are described in Supplementary Table S2. Because most
therapeutic antibodies are human or have been humanized, they are reported with tolerable
safety profiles. Moreover, it should be noted that doses of antibodies injected for FGS are
substantially (approximately 10-100x) lower compared to therapeutic doses. Consequently,
the serum concentration of the antibody (conjugated to a fluorophore) is lower when used
for FGS and little or no toxicity is expected [72]. Moreover, some of the therapeutic antibodies
evaluated for therapy in pediatric OS, ES, and RMS patients have already been repurposed
for FGS and accurately visualized tumor tissue in other cancer types [73-77]. Although
it is important to notice that HER2 is considered a less promising target in OS (Table 2),
Trastuzumab-IRDye800CW targeting HER2 has imaged breast cancer and could be tested in
OS patients as well [75]. More encouragingly, Bevacizumab-IRDye800CW targeting VEGF-A was
successful for FGS in adult soft tissue sarcoma patients [77]. Due to the presence of VEGF-A
in pediatric OS and RMS (Tables 2 and 3), testing Bevacizumab-IRDye800CW is a relatively
straightforward option which could pave the road towards the clinical implementation of FGS
in pediatric OS and RMS patients.

Disadvantages of Using Antibodies for Fluorescence-Guided
Surgery and Their Alternatives

Although antibodies bind to their target with high affinity and specificity, the large size of
antibodies (150 kDa) is expected to limit tumor penetration and establish a long blood half-
life. Therefore, the use of antibodies as targeted tracers for tumor-specific FGS necessitates
a turnover time of several days to obtain an optimal tumor-to-background ratio [124]. For
patients, this implicates an extra preoperative hospital visit for tracer administration. Apart
from the extra costs and logistic planning, this leads to an extra burden for pediatric OS,
ES, and RMS patients. Therefore, smaller targeting moiety alternatives such as antibody
fragments, peptide conjugates and small molecule conjugates may be advantageous for FGS
[32]. Briefly, tracers smaller than 60 kDa are generally cleared via the kidneys instead of via
the liver, resulting in faster blood clearance from non-targeted tissues. Consequently, high
tumor-to-background contrast can be attained within hours after the administration of a
tumor-specific smaller targeting moiety alternative-based tracer [27,32,124].
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As mentioned before, deeper located tumors could still be missed by these tracers [25,49]. To
this end, hybrid radionuclear/fluorescence imaging combined into a single tracer is attractive.
The nuclear component can be of added value for initial intra-operative navigation towards
the tumor using a gamma-detecting probe. When the tumor is reached, fluorescence could
provide high resolution visual guidance for precise resection [125]. The integration of both
modalities onto a tracer can be effectuated in several ways. The conjugation of a fluorophore
and chelator for radioactive labeling at different positions of the tracer is one option.
Examplesinclude colorectal carcinoma imaging using fluoresceinated monoclonal antibodies
against carcinoembryonic antigen which were also labeled with 1251, and the conjugation of
IRDye800CW and '!In to Girentuximab for the visualization of clear-cell renal-cell carcinomas
[126,127]. Combining the NIR fluorophore and the radiolabel into a single structure is another
option [128]. This would be advantageous since this is in most cases a site-specific labeling
method which implies that properties of the tracer cannot vary, creating a predictable tracer
with regards to its biodistribution. In addition, this is often the only possibility when working
with small peptides or chemical molecules, as multiple conjugation sites may not be available.
An example of this technique is the hybrid nuclear and NIR fluorescent PSMA tracer in prostate
cancer [129]. However, these single structures are more complex to design, as opposed to the
more straightforward separate conjugation of the fluorophore and chelator to an antibody.

Future Perspective and Recommendations for Fluorescence-
Guided Surgery in OS, ES, and RMS Patients

In general, the standard preclinical work preceding the application of FGS consists of the
following: target selection, target evaluation, tracer development, in vitro evaluation, in vivo
evaluation with animal experiments, and clinical in-human experiments. Because FGS for
pediatric OS, ES, and RMS patients is still in its infancy, this review reveals an overview of
promising targets as a basic first step. A follow-up would be to evaluate the expression of these
targets with immunohistochemistry in a comparative setting using intra-patient sets of tumor
and control tissue. Ideally, fresh surgically resected- or frozen tissue with representative intra-
and intertumoral heterogeneity should be used to determine the level and diffusivity of target
expression [130,131]. A possible advantage of frozen tissue would be that the antigenicity of
its targets may be comparable to those on in-human tumors. The disadvantage is probably
the logistics of obtaining these samples in a (large) representative cohort which would involve
prospective sampling in a multicenter setting. Therefore, we recommend first evaluating the
expression of targets with immunohistochemistry using FFPE samples, given its availability
and relatively low cost. Subsequently, the expression of promising targets should be evaluated
in fresh surgically resected- or frozen tissue. This enables the systematic, cost-effective, and
valid selection of candidate targets for FGS. Then, fluorescent tracers should be developed
based on the most favorable target evaluated by immunohistochemistry. Clinically available
antibodies conjugated to fluorophores that bind to these targets allow faster and cost-efficient
translation to clinics. Afterwards, preclinical (mouse) models can be used to show in-vivo
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efficacy. However, the major disadvantages of genetically altered mice are the absence of
human tumor microenvironment and the difficulty of mimicking intertumoral heterogeneity.
Therefore, results cannot be directly extrapolated to the clinical setting. Ultimately, the
assessment of the additive value of FGS can only be performed in humans.

Conclusions

We created an overview of the potential of non-targeted and targeted FGS for pediatric OS, ES,
and RMS patients. Although ICG has been shown to be safe in pediatric patients, the results
of an ongoing clinical trial (scheduled end-date of December 2022) will reveal whether FGS
using ICG is accurate for the intra-operative visual identification of pediatric OS, ES, and RMS
patients. As FGS using ICG is based on the EPR effect, false negative and false positive signals
could occur. Therefore, targeted FGS might be a better alternative. We listed the promising
tumor-specific targets for FGS in pediatric OS, ES, and RMS patients. The conjugation of
fluorophores to clinically available antibodies that bind to these targets may result in safe
and tumor-specific tracers that could improve tumor resection success rates. Evaluating the
already clinically tested fluorescent-labeled antibody Bevacizumab-IRDye800CW in pediatric
0S and RMS patients is a relatively straightforward option because this has already shown
promising results in adult soft tissue sarcomas. However, the development of a fluorescent-
labeled IGF-1R antibody would be ideal because this seems to be the only promising target for
pediatric OS, ES, and RMS simultaneously. Due to disadvantages of antibody-based tracers,
smaller targeting moiety alternatives for tracer development should be investigated. In
addition, surgical navigation with the use of hybrid radionuclear/fluorescence tracers could be
investigated to detect deeper located and hidden tumors. In conclusion, FGS has the potential
to optimize OS, ES, and RMS treatment, but more research remains to be done before this
promising technique can be implemented for OS, ES, and RMS patients.

105



Chapter 4

References

10.

11.

12.

13.

14,

106

Bompas, E.; Martin, V.; Meniai, F.; Toulmonde, M.; Marec-Berard, P.; Claude, L.; Ducimetiere, F.; Chargari,
C.; Minard-Colin, V.; Corradini, N., et al. Management of sarcomas in children, adolescents and adults:
Interactions in two different age groups under the umbrellas of GSF-GETO and SFCE, with the support
of the NETSARC+ network. Bulletin du cancer 2021, 10.1016/j.bulcan.2020.10.009, doi:10.1016/j.
bulcan.2020.10.009.

Hernandez Tejada, F.N.; Zamudio, A.; Marques-Piubelli, M.L.; Cuglievan, B.; Harrison, D. Advances in the
Management of Pediatric Sarcomas. Current oncology reports 2020, 23, 3,d0i:10.1007/s11912-020-00995-8.

Stiller, C.A.; Trama, A.; Serraino, D.; Rossi, S.; Navarro, C.; Chirlaque, M.D.; Casali, P.G. Descriptive
epidemiology of sarcomas in Europe: report from the RARECARE project. European journal of cancer
(Oxford, England : 1990) 2013, 49, 684-695, doi:10.1016/j.ejca.2012.09.011.

Ritter, J.; Bielack, S.S. Osteosarcoma. Annals of Oncology 2010, 21, vii320-vii325, doi:https://doi.
org/10.1093/annonc/mdq276.

Esiashvili, N.; Goodman, M.; Marcus, R.B., Jr. Changes in incidence and survival of Ewing sarcoma patients
over the past 3 decades: Surveillance Epidemiology and End Results data. J Pediatr Hematol Oncol 2008,
30,425-430, doi:10.1097/MPH.0b013e31816€22f3.

Chen, S.; Rudzinski, E.R.; Arnold, M.A. Challenges in the Diagnosis of Pediatric Spindle Cell/Sclerosing
Rhabdomyosarcoma. Surgical pathology clinics 2020, 13, 729-738, doi:10.1016/j.path.2020.08.010.

Williams, R.F.; Fernandez-Pineda, I.; Gosain, A. Pediatric Sarcomas. Surg Clin North Am 2016, 96, 1107-
1125, d0i:10.1016/j.suc.2016.05.012.

Bernthal, N.M.; Federman, N.; Eilber, F.R.; Nelson, S.D.; Eckardt, J.J.; Eilber, F.C.; Tap, W.D. Long-term
results (>25 years) of arandomized, prospective clinical trial evaluating chemotherapy in patients with
high-grade, operable osteosarcoma. Cancer 2012, 118, 5888-5893, doi:10.1002/cncr.27651.

Goorin, A.M.; Schwartzentruber, D.J.; Devidas, M.; Gebhardt, M.C.; Ayala, A.G.; Harris, M.B.; Helman,
L.J.; Grier, H.E.; Link, M.P. Presurgical chemotherapy compared with immediate surgery and adjuvant
chemotherapy for nonmetastatic osteosarcoma: Pediatric Oncology Group Study POG-8651. Journal
of clinical oncology : official journal of the American Society of Clinical Oncology 2003, 21, 1574-1580,
d0i:10.1200/jco.2003.08.165.

Crist, W.M.; Anderson, J.R.; Meza, J.L.; Fryer, C.; Raney, R.B.; Ruymann, F.B.; Breneman, J.; Qualman,
S.J.; Wiener, E.; Wharam, M., et al. Intergroup rhabdomyosarcoma study-1V: results for patients with
nonmetastatic disease. J Clin Oncol 2001, 19, 3091-3102, doi:10.1200/jc0.2001.19.12.3091.

Bailey, K.; Cost, C.; Davis, |.; Glade-Bender, J.; Grohar, P.; Houghton, P.; Isakoff, M.; Stewart, E.; Laack,
N.; Yustein, J., et al. Emerging novel agents for patients with advanced Ewing sarcoma: a report from
the Children’s Oncology Group (COG) New Agents for Ewing Sarcoma Task Force. FI000Res 2019, 8,
doi:10.12688/f1000research.18139.1.

He, F.; Zhang, W.; Shen, Y.; Yu, P.; Bao, Q.; Wen, J.; Hu, C.; Qiu, S. Effects of resection margins on local
recurrence of osteosarcoma in extremity and pelvis: Systematic review and meta-analysis. International
journal of surgery (London, England) 2016, 36, 283-292, d0i:10.1016/j.ijsu.2016.11.016.

Loh, A.H.; Wu, H.; Bahrami, A.; Navid, F.; McCarville, M.B.; Wang, C.; Wu, J.; Bishop, M.W.; Daw, N.C.; Neel,
M.D., et al. Influence of bony resection margins and surgicopathological factors on outcomes in limb-
sparing surgery for extremity osteosarcoma. Pediatric blood & cancer 2015, 62, 246-251, doi:10.1002/
pbc.25307.

Donaldson, S.S. Ewing sarcoma: radiation dose and target volume. Pediatric blood & cancer 2004, 42,
471-476, d0i:10.1002/pbc.10472.



Introducing Fluorescence-Guided Surgery for Pediatric Ewing, Osteo- and Rhabdomyosarcomas: A Literature Review

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Abed, R.; Grimer, R. Surgical modalities in the treatment of bone sarcomain children. Cancer treatment
reviews 2010, 36, 342-347, d0i:10.1016/j.ctrv.2010.02.010.

Foulon, S.; Brennan, B.; Gaspar, N.; Dirksen, U.; Jeys, L.; Cassoni, A.; Claude, L.; Seddon, B.; Marec-
Berard, P.; Whelan, J., et al. Can postoperative radiotherapy be omitted in localised standard-risk Ewing
sarcoma? An observational study of the Euro-E.W.I.N.G group. European journal of cancer (Oxford, England
:1990) 2016, 61, 128-136, doi:10.1016/j.ejca.2016.03.075.

Bacci, G.; Longhi, A.; Briccoli, A.; Bertoni, F.; Versari, M.; Picci, P. The role of surgical margins in treatment
of Ewing’s sarcoma family tumors: experience of a single institution with 512 patients treated with
adjuvant and neoadjuvant chemotherapy. International journal of radiation oncology, biology, physics
2006, 65, 766-772, d0i:10.1016/j.ijrobp.2006.01.019.

Ozaki, T.; Hillmann, A.; Hoffmann, C.; Riibe, C.; Blasius, S.; Dunst, J.; Jlrgens, H.; Winkelmann,
W. Significance of surgical margin on the prognosis of patients with Ewing’s sarcoma. A report
from the Cooperative Ewing’s Sarcoma Study. Cancer 1996, 78, 892-900, doi:10.1002/(sici)1097-
0142(19960815)78:4<892::Aid-cncr29>3.0.Co;2-p.

Hawkins, W.G.; Hoos, A.; Antonescu, C.R.; Urist, M.J.; Leung, D.H.; Gold, J.S.; Woodruff, J.M.; Lewis, J.J.;
Brennan, M.F. Clinicopathologic analysis of patients with adult rhabdomyosarcoma. Cancer 2001, 91,
794-803.

Seitz, G.; Dantonello, T.M.; Int-Veen, C.; Blumenstock, G.; Godzinski, J.; Klingebiel, T.; Schuck, A.;
Leuschner, I.; Koscielniak, E.; Fuchs, J. Treatment efficiency, outcome and surgical treatment problems
in patients suffering from localized embryonal bladder/prostate rhabdomyosarcoma: a report from the
Cooperative Soft Tissue Sarcoma trial CWS-96. Pediatric blood & cancer 2011, 56, 718-724, d0i:10.1002/
pbc.22950.

Board, P.D.Q.P.T.E. Late Effects of Treatment for Childhood Cancer (PDQ®): Health Professional Version.
In PDQ Cancer Information Summaries, National Cancer Institute (US): Bethesda (MD), 2002.

Paulino, A.C.; Simon, J.H.; Zhen, W.; Wen, B.C. Long-term effects in children treated with radiotherapy
for head and neck rhabdomyosarcoma. International journal of radiation oncology, biology, physics 2000,
48, 1489-1495, d0i:10.1016/s0360-3016(00)00799-9.

Rijs, Z.; Shifai, A.N.; Bosma, S.E.; Kuppen, P.J.K.; Vahrmeijer, A.L.; Keereweer, S.; Bovée, J.; van de Sande,
M.A.J.; Sier, C.F.M.; van Driel, P. Candidate Biomarkers for Specific Intraoperative Near-Infrared Imaging
of Soft Tissue Sarcomas: A Systematic Review. Cancers (Basel) 2021, 13, doi:10.3390/cancers13030557.

Egloff-Juras, C.; Bezdetnaya, L.; Dolivet, G.; Lassalle, H.P. NIR fluorescence-guided tumor surgery: new
strategies for the use of indocyanine green. International journal of nanomedicine 2019, 14, 7823-7838,
doi:10.2147/ijn.S207486.

Cao, J.; Zhu, B.; Zheng, K.; He, S.; Meng, L.; Song, J.; Yang, H. Recent Progress in NIR-Il Contrast Agent
for Biological Imaging. Front Bioeng Biotechnol 2019, 7,487, doi:10.3389/fbioe.2019.00487.

Vahrmeijer, A.L.; Hutteman, M.; van der Vorst, J.R.; van de Velde, C.J.; Frangioni, J.V. Image-guided cancer
surgery using near-infrared fluorescence. Nature reviews. Clinical oncology 2013, 10,507-518, d0i:10.1038/
nrclinonc.2013.123.

Hernot, S.; van Manen, L.; Debie, P.; Mieog, J.S.D.; Vahrmeijer, A.L. Latest developments in molecular
tracers for fluorescence image-guided cancer surgery. Lancet Oncol 2019, 20, e354-e367, d0i:10.1016/
$1470-2045(19)30317-1.

Schaafsma, B.E.; Mieog, J.S.; Hutteman, M.; van der Vorst, J.R.; Kuppen, P.J.; Lowik, C.W.; Frangioni, J.V.;
van de Velde, C.J.; Vahrmeijer, A.L. The clinical use of indocyanine green as a near-infrared fluorescent
contrast agent for image-guided oncologic surgery. Journal of surgical oncology 2011, 104, 323-332,
do0i:10.1002/js0.21943.

Barth, C.W.; Gibbs, S.L. Fluorescence Image-Guided Surgery - a Perspective on Contrast Agent
Development. Proc SPIE Int Soc Opt Eng 2020, 11222, d0i:10.1117/12.2545292.

107



Chapter 4

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

108

Keereweer, S.; Kerrebijn, J.D.; van Driel, P.B.; Xie, B.; Kaijzel, E.L.; Snoeks, T.J.; Que, |.; Hutteman, M.; van
derVorst, J.R.; Mieog, J.S., et al. Optical image-guided surgery--where do we stand? Molecular imaging
and biology 2011, 13, 199-207, d0i:10.1007/s11307-010-0373-2.

Benson, R.C.; Kues, H.A. Fluorescence properties of indocyanine green as related to angiography. Phys
Med Biol 1978, 23, 159-163, doi:10.1088/0031-9155/23/1/017.

Jiao, J.; Zhang, J.; Yang, F.; Song, W.; Han, D.; Wen, W.; Qin, W. Quicker, deeper and stronger imaging:
A review of tumor-targeted, near-infrared fluorescent dyes for fluorescence guided surgery in the
preclinical and clinical stages. Eur J Pharm Biopharm 2020, 152,123-143, d0i:10.1016/j.ejpb.2020.05.002.

Debie, P.; Hernot, S. Emerging Fluorescent Molecular Tracers to Guide Intra-Operative Surgical Decision-
Making. Front Pharmacol 2019, 10, 510, doi:10.3389/fphar.2019.00510.

Baljer, B.C.; Kolhe, S.; Chan, C.D.; Nicoli, F.; Ghanbasha, A.; Brookes, M.J.; Gamie, Z.; Ghosh, K.M.;
Beckingsale, T.B.; Saleh, D.B., et al. Advances in image enhancement for sarcoma surgery. Cancer letters
2020, 483, 1-11, doi:10.1016/j.canlet.2020.03.029.

Verdye. SAMENVATTING VAN DE PRODUCTKENMERKEN. UK/H/0654/01.

Bunschoten, A.; Buckle, T.; Kuil, J.; Luker, G.D.; Luker, K.E.; Nieweg, O.E.; van Leeuwen, F.W. Targeted
non-covalent self-assembled nanoparticles based on human serum albumin. Biomaterials 2012, 33,
867-875, d0i:10.1016/j.biomaterials.2011.10.005.

Matsumura, Y.; Maeda, H. A new concept for macromolecular therapeutics in cancer chemotherapy:
mechanism of tumoritropic accumulation of proteins and the antitumor agent smancs. Cancer Res 1986,
46,6387-6392.

Esposito, C.; Settimi, A.; Del Conte, F.; Cerulo, M.; Coppola, V.; Farina, A.; Crocetto, F.; Ricciardi, E.;
Esposito, G.; Escolino, M. Image-Guided Pediatric Surgery Using Indocyanine Green (ICG) Fluorescence
in Laparoscopic and Robotic Surgery. Front Pediatr 2020, 8, 314, d0i:10.3389/fped.2020.00314.

Goldstein, S.D.; Heaton, T.E.; Bondoc, A.; Dasgupta, R.; Abdelhafeez, A.; Davidoff, A.M.; Lautz, T.B. Evolving
applications of fluorescence guided surgery in pediatric surgical oncology: a practical guide for surgeons.
Journal of Pediatric Surgery 2020, 10.1016/j.jpedsurg.2020.10.013, doi:10.1016/j.jpedsurg.2020.10.013.

Nicoli, F.; Saleh, D.B.; Baljer, B.; Chan, C.D.; Beckingsale, T.; Ghosh, K.M.; Ragbir, M.; Rankin, K.S.
Intraoperative Near-infrared Fluorescence (NIR) Imaging With Indocyanine Green (ICG) Can Identify
Bone and Soft Tissue Sarcomas Which May Provide Guidance for Oncological Resection. Ann Surg 2021,
273, e63-e68,d0i:10.1097/s1a.0000000000003857.

Croteau, N.J.; Heaton, T.E. Pulmonary Metastasectomy in Pediatric Solid Tumors. Children (Basel) 2019,
6,d0i:10.3390/children6010006.

Predina, J.D.; Newton, A.D.; Corbett, C.; Shin, M.; Sulfyok, L.F.; Okusanya, O.T.; Delikatny, E.J.; Nie, S;
Gaughan, C.; Jarrar, D., et al. Near-infrared intraoperative imaging for minimally invasive pulmonary
metastasectomy for sarcomas. J Thorac Cardiovasc Surg 2019, 157, 2061-2069, doi:10.1016/j.
jtcvs.2018.10.169.

Keating, J.; Newton, A.; Venegas, O.; Nims, S.; Zeh, R.; Predina, J.; Deshpande, C.; Kucharczuk, J.; Nie,
S.; Delikatny, E.J., et al. Near-Infrared Intraoperative Molecular Imaging Can Locate Metastases to the
Lung. Ann Thorac Surg 2017, 103, 390-398, doi:10.1016/j.athoracsur.2016.08.079.

Okusanya, O.T.; Holt, D.; Heitjan, D.; Deshpande, C.; Venegas, O.; Jiang, J.; Judy, R.; DeJesus, E.;
Madajewski, B.; Oh, K., et al. Intraoperative near-infrared imaging can identify pulmonary nodules. Ann
Thorac Surg 2014, 98,1223-1230, doi:10.1016/j.athoracsur.2014.05.026.

Chen, Y.; Cruz, F.D.; Sandhu, R.; Kung, A.L.; Mundi, P.; Deasy, J.0.; Tannenbaum, A. Pediatric Sarcoma

Data Forms a Unique Cluster Measured via the Earth Mover’s Distance. Sci Rep 2017, 7, 7035, d0i:10.1038/
$41598-017-07551-8.



Introducing Fluorescence-Guided Surgery for Pediatric Ewing, Osteo- and Rhabdomyosarcomas: A Literature Review

46.

47,

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Govaert, G.A.; Oostenbroek, R.J.; Plaisier, P.W. Prolonged skin staining after intradermal use of patent
blue in sentinel lymph node biopsy for breast cancer. Eur J Surg Oncol 2005, 31, 373-375, d0i:10.1016/j.
€js0.2004.12.009.

Nunez, A.; Jones, V.; Schulz-Costello, K.; Schmolze, D. Accuracy of gross intraoperative margin
assessment for breast cancer: experience since the SSO-ASTRO margin consensus guidelines. Sci Rep
2020, 10, 17344, d0i:10.1038/541598-020-74373-6.

Kaneko, J.; Ishizawa, T.; Masuda, K.; Kawaguchi, Y.; Aoki, T.; Sakamoto, Y.; Hasegawa, K.; Sugawara, Y.;
Kokudo, N. Indocyanine green reinjection technique for use in fluorescent angiography concomitant
with cholangiography during laparoscopic cholecystectomy. Surg Laparosc Endosc Percutan Tech 2012,
22,341-344,d0i:10.1097/SLE.0b013e3182570240.

Shao, W.; Chen, G.; Kuzmin, A.; Kutscher, H.L.; Pliss, A.; Ohulchanskyy, T.Y.; Prasad, P.N. Tunable Narrow
Band Emissions from Dye-Sensitized Core/Shell/Shell Nanocrystals in the Second Near-Infrared
Biological Window. JAm Chem Soc 2016, 138, 16192-16195, doi:10.1021/jacs.6b08973.

Makek, M.; Grant, J.W. Epithelial-myoepithelial carcinoma of the parotid gland associated with a primary
carcinoma of the lung. Int J Oral Maxillofac Surg 1988, 17, 134-137, doi:10.1016/s0901-5027(88)80168-1.

Holt, D.; Okusanya, O.; Judy, R.; Venegas, O.; Jiang, J.; DeJesus, E.; Eruslanov, E.; Quatromoni, J.;
Bhojnagarwala, P.; Deshpande, C., et al. Intraoperative near-infrared imaging can distinguish cancer
from normal tissue but not inflammation. PLoS One 2014, 9, 103342, d0i:10.1371/journal.pone.0103342.

Tummers, Q.R.; Hoogstins, C.E.; Peters, A.A.; de Kroon, C.D.; Trimbos, J.B.; van de Velde, C.J.; Frangioni,
J.V.;Vahrmeijer, A.L.; Gaarenstroom, K.N. The Value of Intraoperative Near-Infrared Fluorescence Imaging
Based on Enhanced Permeability and Retention of Indocyanine Green: Feasibility and False-Positives
in Ovarian Cancer. PLoS One 2015, 10, 0129766, d0i:10.1371/journal.pone.0129766.

Bosma, S.E.; van Driel, P.B.; Hogendoorn, P.C.; Dijkstra, P.S.; Sier, C.F. Introducing fluorescence guided
surgery into orthopedic oncology: A systematic review of candidate protein targets for Ewing sarcoma.
J Surg Oncol 2018, 118,906-914, d0i:10.1002/js0.25224.

Russell-Goldman, E.; Hornick, J.L.; Qian, X.; Jo, V.Y. NKX2.2 immunohistochemistry in the distinction of
Ewing sarcoma from cytomorphologic mimics: Diagnostic utility and pitfalls. Cancer Cytopathol 2018,
126,942-949, doi:10.1002/cncy.22056.

Gao, R.W.; Teraphongphom, N.; de Boer, E.; van den Berg, N.S.; Divi, V.; Kaplan, M.J.; Oberhelman,
N.J.; Hong, S.S.; Capes, E.; Colevas, A.D., et al. Safety of panitumumab-IRDye800CW and cetuximab-
IRDye800CW for fluorescence-guided surgical navigation in head and neck cancers. Theranostics 2018,
8,2488-2495, d0i:10.7150/thno.24487.

Leconet, W.; Larbouret, C.; Chardés, T.; Thomas, G.; Neiveyans, M.; Busson, M.; Jarlier, M.; Radosevic-
Robin, N.; Pugniére, M.; Bernex, F., et al. Preclinical validation of AXL receptor as a target for antibody-
based pancreatic cancerimmunotherapy. Oncogene 2014, 33, 5405-5414, d0i:10.1038/onc.2013.487.
Guo, Z.; Liu, Y.; Zhou, H.; Zheng, K.; Wang, D.; Jia, M.; Xu, P.; Ma, K.; Cui, C.; Wang, L. CD47-targeted
bismuth selenide nanoparticles actualize improved photothermal therapy by increasing macrophage
phagocytosis of cancer cells. Colloids Surf B Biointerfaces 2019, 184, 110546, doi:10.1016/j.
colsurfb.2019.110546.

Wang, C.H.; Huang, Y.J.; Chang, C.W.; Hsu, W.M.; Peng, C.A. In vitro photothermal destruction of
neuroblastoma cells using carbon nanotubes conjugated with GD2 monoclonal antibody. Nanotechnology
2009, 20, 315101, doi:10.1088/0957-4484/20/31/315101.

Garofalo, C.; Mancarella, C.; Grilli, A.; Manara, M.C.; Astolfi, A.; Marino, M.T.; Conte, A.; Sigismund, S.; Care,
A.; Belfiore, A., et al. Identification of common and distinctive mechanisms of resistance to different
anti-IGF-IR agents in Ewing’s sarcoma. Mol Endocrinol 2012, 26, 1603-1616, d0i:10.1210/me.2012-1142.

109



Chapter 4

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

110

Wilson, K.E.; Bachawal, S.V.; Abou-Elkacem, L.; Jensen, K.; Machtaler, S.; Tian, L.; Willmann, J.K.
Spectroscopic Photoacoustic Molecular Imaging of Breast Cancer using a B7-H3-targeted ICG Contrast
Agent. Theranostics 2017, 7, 1463-1476, doi:10.7150/thno.18217.

Bauer, M.; Macdonald, J.; Henri, J.; Duan, W.; Shigdar, S. The Application of Aptamers for
Immunohistochemistry. Nucleic Acid Ther 2016, 26, 120-126, doi:10.1089/nat.2015.0569.

Hira, V.V.V.; de Jong, A.L.; Ferro, K.; Khurshed, M.; Molenaar, R.J.; Van Noorden, C.J.F. Comparison of
different methodologies and cryostat versus paraffin sections for chromogenicimmunohistochemistry.
Acta Histochem 2019, 121, 125-134, doi:10.1016/j.acthis.2018.10.011.

Kersting, C.; Packeisen, J.; Leidinger, B.; Brandt, B.; von Wasielewski, R.; Winkelmann, W.; van Diest, P.J.;
Gosheger, G.; Buerger, H. Pitfalls inimmunohistochemical assessment of EGFR expression in soft tissue
sarcomas. J Clin Pathol 2006, 59, 585-590, d0i:10.1136/jcp.2005.028373.

Stumptner, C.; Pabst, D.; Loibner, M.; Viertler, C.; Zatloukal, K. The impact of crosslinking and non-
crosslinking fixatives on antigen retrieval and immunohistochemistry. N Biotechnol 2019, 52, 69-83,
doi:10.1016/j.nbt.2019.05.003.

Chen, S.; Guenther, L.M.; Aronhalt, A.; Cardillo, L.; Janeway, K.A.; Church, A.J. PD-1 and PD-L1 Expression
in Osteosarcoma: Which Specimen to Evaluate? J Pediatr Hematol Oncol 2020, 42, 482-487, d0i:10.1097/
mph.0000000000001685.

Forest, F.; Cote, G.; Laville, D.; Da Cruz, V.; Dal Col, P.; Camy, F.; Mobarki, M.; Clemenson, A.; Yvorel, V,;
Péoc’h, M. Impact of delayed fixation and decalcification on PD-L1 expression: a comparison of two
clones. Virchows Arch 2019, 475, 693-699, d0i:10.1007/s00428-019-02613-w.

Boi, G.; Scalia, C.R.; Gendusa, R.; Ronchi, S.; Cattoretti, G. Disaccharides Protect Antigens from Drying-
Induced Damage in Routinely Processed Tissue Sections. J Histochem Cytochem 2016, 64, 18-31,
doi:10.1369/0022155415616162.

Fujihara, R.; Chiba, Y.; Nakagawa, T.; Murakami, R.; Matsumoto, K.; Kawauchi, M.; Fujii, T.; Shimono, R.;
Yamamoto, T.; Ueno, M. Histomorphometry of ectopic mineralization using undecalcified frozen bone
sections. Microsc Res Tech 2018, 81, 1318-1324, doi:10.1002/jemt.23140.

Rodig, S.J. Preparing Frozen Tissue Sections for Staining. Cold Spring Harb Protoc 2021,2021, d0i:10.1101/
pdb.prot099655.

Ralton, L.D.; Murray, G.I. The use of formalin fixed wax embedded tissue for proteomic analysis. J Clin
Pathol 2011, 64,297-302, doi:10.1136/jcp.2010.086835.

Mathieson, W.; Marcon, N.; Antunes, L.; Ashford, D.A.; Betsou, F.; Frasquilho, S.G.; Kofanova, 0.A.;
McKay, S.C.; Pericleous, S.; Smith, C., et al. A Critical Evaluation of the PAXgene Tissue Fixation System:
Morphology, Immunohistochemistry, Molecular Biology, and Proteomics. Am J Clin Pathol 2016, 146,
25-40, doi:10.1093/ajcp/aqw023.

Coats, S.; Williams, M.; Kebble, B.; Dixit, R.; Tseng, L.; Yao, N.S.; Tice, D.A.; Soria, J.C. Antibody-Drug
Conjugates: Future Directionsin Clinical and Translational Strategies to Improve the Therapeutic Index.
Clin Cancer Res 2019, 25, 5441-5448, d0i:10.1158/1078-0432.Ccr-19-0272.

de Jongh, S.J.; Tjalma, J.J.J.; Koller, M.; Linssen, M.D.; Vonk, J.; Dobosz, M.; Jorritsma-Smit, A.; Kleibeuker,
J.H.; Hospers, G.A.P.; Havenga, K., et al. Back-Table Fluorescence-Guided Imaging for Circumferential
Resection Margin Evaluation Using Bevacizumab-800CW in Patients with Locally Advanced Rectal Cancer.
J Nucl Med 2020, 61, 655-661, d0i:10.2967/jnumed.119.232355.

Harlaar, N.J.; Koller, M.; de Jongh, S.J.; van Leeuwen, B.L.; Hemmer, P.H.; Kruijff, S.; van Ginkel, R.J.;
Been, L.B.; de Jong, J.S.; Kats-Ugurlu, G., et al. Molecular fluorescence-guided surgery of peritoneal
carcinomatosis of colorectal origin: a single-centre feasibility study. Lancet Gastroenterol Hepatol 2016,
1,283-290,d0i:10.1016/52468-1253(16)30082-6.



Introducing Fluorescence-Guided Surgery for Pediatric Ewing, Osteo- and Rhabdomyosarcomas: A Literature Review

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Korb, M.L.; Hartman, Y.E.; Kovar, J.; Zinn, K.R.; Bland, K.l.; Rosenthal, E.L. Use of monoclonal antibody-
IRDye800CW bioconjugates in the resection of breast cancer. J Surg Res 2014, 188, 119-128, doi:10.1016/].
j$5.2013.11.1089.

Lamberts, L.E.; Koch, M.; de Jong, J.S.; Adams, A.L.L.; Glatz, J.; Kranendonk, M.E.G.; Terwisscha van
Scheltinga, A.G.T.; Jansen, L.; de Vries, J.; Lub-de Hooge, M.N., et al. Tumor-Specific Uptake of Fluorescent
Bevacizumab-IRDye800CW Microdosing in Patients with Primary Breast Cancer: A Phase | Feasibility
Study. Clin Cancer Res 2017, 23, 2730-2741, d0i:10.1158/1078-0432.Ccr-16-0437.

Steinkamp, P.J.; Pranger, B.K.; Li, M.F.; Linssen, M.D.; Voskuil, F.J.; Been, L.B.; van Leeuwen, B.L.;
Suurmeijer, A.J.H.; Nagengast, W.B.; Kruijff, S., et al. Fluorescence-Guided Visualization of Soft-Tissue
Sarcomas by Targeting Vascular Endothelial Growth Factor A: A Phase 1 Single-Center Clinical Trial. J
Nucl Med 2021, 62, 342-347, d0i:10.2967/jnumed.120.245696.

Zhang, Y.; Tang, Y.J.; Man, Y.; Pan, F,; Li, Z.H.; Jia, L.S. Knockdown of AXL receptor tyrosine kinase in
osteosarcoma cells leads to decreased proliferation and increased apoptosis. Int J Immunopathol
Pharmacol 2013, 26, 179-188, doi:10.1177/039463201302600117.

Rettew, A.N.; Young, E.D.; Lev, D.C.; Kleinerman, E.S.; Abdul-Karim, F.W.; Getty, P.J.; Greenfield, E.M.
Multiple receptor tyrosine kinases promote the in vitro phenotype of metastatic human osteosarcoma
cell lines. Oncogenesis 2012, 1, e34, doi:10.1038/oncsis.2012.34.

Wang, L.; Zhang, Q.; Chen, W.; Shan, B.; Ding, Y.; Zhang, G.; Cao, N.; Liu, L.; Zhang, Y. B7-H3 is overexpressed
in patients suffering osteosarcoma and associated with tumor aggressiveness and metastasis. PLoS One
2013, 8, 70689, doi:10.1371/journal.pone.0070689.

Xu, J.F.;; Pan, X.H.; Zhang, S.J.; Zhao, C.; Qiu, B.S.; Gu, H.F.; Hong, J.F.; Cao, L.; Chen, Y.; Xia, B., et al. CD47
blockade inhibits tumor progression human osteosarcoma in xenograft models. Oncotarget 2015, 6,
23662-23670, doi:10.18632/oncotarget.4282.

Poon, V.I.; Roth, M.; Piperdi, S.; Geller, D.; Gill, J.; Rudzinski, E.R.; Hawkins, D.S.; Gorlick, R. Ganglioside
GD2 expression is maintained upon recurrence in patients with osteosarcoma. Clin Sarcoma Res 2015,
5,4,d0i:10.1186/s13569-014-0020-9.

Roth, M.; Linkowski, M.; Tarim, J.; Piperdi, S.; Sowers, R.; Geller, D.; Gill, J.; Gorlick, R. Ganglioside GD2 as
a therapeutic target for antibody-mediated therapy in patients with osteosarcoma. Cancer 2014, 120,
548-554,d0i:10.1002/cncr.28461.

Roth, M.; Barris, D.M.; Piperdi, S.; Kuo, V.; Everts, S.; Geller, D.; Houghton, P.; Kolb, E.A.; Hawthorne, T.;
Gill, J., et al. Targeting Glycoprotein NMB With Antibody-Drug Conjugate, Glembatumumab Vedotin, for
the Treatment of Osteosarcoma. Pediatr Blood Cancer 2016, 63, 32-38, doi:10.1002/pbc.25688.

Wang, Y.H.; Han, X.D.; Qiu, Y.; Xiong, J.; Yu, Y.; Wang, B.; Zhu, Z.Z.; Qian, B.P.; Chen, Y.X.; Wang, S.F., et al.
Increased expression of insulin-like growth factor-1 receptor is correlated with tumor metastasis and
prognosis in patients with osteosarcoma. J Surg Oncol 2012, 105, 235-243, doi:10.1002/js0.22077.
Aznab, M.; Khajevand Ahmady, M.; Jamshidi, K.; Madani, S.H.; Khazaei, S.; Shoushtaryzadeh, T.; Bagheri,
A. Investigating the Relationship between of Vascular Endothelial Growth Factor and HER-2neu in IHC
Staining with Metastasis and Mortality in Patients with Osteosarcoma. Asian Pac J Cancer Prev 2020, 21,
3005-3009, doi:10.31557/apjcp.2020.21.10.3005.

Lin, F.; Zheng, S.E.; Shen, Z.; Tang, L.N.; Chen, P.; Sun, Y.J.; Zhao, H.; Yao, Y. Relationships between levels
of CXCR4 and VEGF and blood-borne metastasis and survival in patients with osteosarcoma. Med Oncol
2011, 28, 649-653, d0i:10.1007/s12032-010-9493-4.

Lammli, J.; Fan, M.; Rosenthal, H.G.; Patni, M.; Rinehart, E.; Vergara, G.; Ablah, E.; Wooley, P.H.; Lucas,
G.; Yang, S.Y. Expression of Vascular Endothelial Growth Factor correlates with the advance of clinical
osteosarcoma. Int Orthop 2012, 36,2307-2313, d0i:10.1007/s00264-012-1629-z.

111



Chapter 4

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

112

Rossi, B.; Schinzari, G.; Maccauro, G.; Scaramuzzo, L.; Signorelli, D.; Rosa, M.A.; Fabbriciani, C.;
Carlo, B. Neoadjuvant multidrug chemotherapy including high-dose methotrexate modifies VEGF
expression in osteosarcoma: an immunohistochemical analysis. BMC Musculoskelet Disord 2010, 11, 34,
doi:10.1186/1471-2474-11-34.

Bajpai, J.; Sharma, M.; Sreenivas, V.; Kumar, R.; Gamnagatti, S.; Khan, S.A.; Rastogi, S.; Malhotra, A.;
Bakhshi, S. VEGF expression as a prognostic marker in osteosarcoma. Pediatr Blood Cancer 2009, 53,
1035-1039, doi:10.1002/pbc.22178.

Charity, R.M.; Foukas, A.F.; Deshmukh, N.S.; Grimer, R.J. Vascular endothelial growth factor expression
in osteosarcoma. Clin Orthop Relat Res 2006, 448, 193-198, d0i:10.1097/01.bl0.0000205877.05093.c9.

Ek, E.T.; Ojaimi, J.; Kitagawa, Y.; Choong, P.F. Does the degree of intratumoural microvessel density and
VEGF expression have prognostic significance in osteosarcoma? Oncol Rep 2006, 16, 17-23.

Kaya, M.; Wada, T.; Akatsuka, T.; Kawaguchi, S.; Nagoya, S.; Shindoh, M.; Higashino, F.; Mezawa, F.; Okada,
F.; Ishii, S. Vascular endothelial growth factor expression in untreated osteosarcoma is predictive of
pulmonary metastasis and poor prognosis. Clin Cancer Res 2000, 6, 572-577.

Boulytcheva, I.V.; Soloviev, Y.N.; Kushlinskii, N.E.; Mahson, A.N. Expression of molecular markers in the
tumor and survival prognosis in osteosarcoma. Bull Exp Biol Med 2010, 150, 237-242,d0i:10.1007/s10517-
010-1114-x.

Becker, R.G.; Galia, C.R.; Morini, S.; Viana, C.R. Immunohistochemical expression of vegf and her-2 proteins
in osteosarcoma biopsies. Acta Ortop Bras 2013, 21,233-238, d0i:10.1590/s1413-78522013000400010.

Yang, J.; Zhao, L.; Tian,W.; Liao, Z.; Zheng, H.; Wang, G.; Chen, K. Correlation of WWOX, RUNX2 and VEGFA
protein expression in human osteosarcoma. BMC Med Genomics 2013, 6,56, d0i:10.1186/1755-8794-6-56.

Abdeen, A.; Chou, A.J.; Healey, J.H.; Khanna, C.; Osborne, T.S.; Hewitt, S.M.; Kim, M.; Wang, D.; Moody, K.;
Gorlick, R. Correlation between clinical outcome and growth factor pathway expression in osteogenic
sarcoma. Cancer 2009, 115,5243-5250, doi:10.1002/cncr.24562.

Qu, Y.; Xu, J.; Jiang, T.; Zhao, H.; Gao, Y.; Zheng, C.; Shi, X. Difference in pre- and postchemotherapy
vascular endothelial growth factor levels as a prognostic indicator in osteosarcoma. J Int Med Res 2011,
39, 1474-1482,d0i:10.1177/147323001103900436.

Zhang, Q.; Liu, F.; Wang, B.; Li, Z.; Zhou, D.; Yang, Q.; Dong, J.; Li, J. HER-2 expression in biopsy and surgical
specimen on prognosis of osteosarcoma: A systematic review and meta-analysis of 16 studies. Medicine
(Baltimore) 2016, 95, €3661, d0i:10.1097/md.0000000000003661.

Abdou, A.G.; Kandil, M.; Asaad, N.Y.; Dawoud, M.M.; Shahin, A.A.; Abd Eldayem, A.F. The Prognostic Role
of Ezrin and HER2/neu Expression in Osteosarcoma. Appl Immunohistochem Mol Morphol 2016, 24, 355-
363, d0i:10.1097/pai.0000000000000197.

Chen, C.; Constantinou, A.; Chester, K.A.; Vyas, B.; Canis, K.; Haslam, S.M.; Dell, A.; Epenetos, A.A.;
Deonarain, M.P. Glycoengineering approach to half-life extension of recombinant biotherapeutics.
Bioconjugate chemistry 2012, 23, 1524-1533, d0i:10.1021/bc200624a.

Wunder, J.S.; Lee, M.J.; Nam, J.; Lau, B.Y.; Dickson, B.C.; Pinnaduwage, D.; Bull, S.B.; Ferguson, P.C.; Seto,
A.; Gokgoz, N., et al. Osteosarcoma and soft-tissue sarcomas with an immune infiltrate express PD-L1:
relation to clinical outcome and Th1 pathway activation. Oncoimmunology 2020, 9, 1737385, doi:10.10
80/2162402x.2020.1737385.

Hashimoto, K.; Nishimura, S.; Akagi, M. Characterization of PD-1/PD-L1 Immune Checkpoint Expression
in Osteosarcoma. Diagnostics (Basel) 2020, 10, doi:10.3390/diagnostics10080528.

Liu, P.; Xiao, Q.; Zhou, B.; Dai, Z.; Kang, Y. Prognostic Significance of Programmed Death Ligand 1
Expression and Tumor-Infiltrating Lymphocytes in Axial Osteosarcoma. World Neurosurg 2019, 129,
€240-e254,doi:10.1016/j.wneu.2019.05.121.



Introducing Fluorescence-Guided Surgery for Pediatric Ewing, Osteo- and Rhabdomyosarcomas: A Literature Review

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Gomez-Brouchet, A.; lllac, C.; Gilhodes, J.; Bouvier, C.; Aubert, S.; Guinebretiere, J.M.; Marie, B.;
Larousserie, F.; Entz-Werlé, N.; de Pinieux, G., et al. CD163-positive tumor-associated macrophages and
CD8-positive cytotoxic lymphocytes are powerful diagnostic markers for the therapeutic stratification
of osteosarcoma patients: An immunohistochemical analysis of the biopsies fromthe French 052006
phase 3 trial. Oncoimmunology 2017, 6, 1331193, d0i:10.1080/2162402x.2017.1331193.

Torabi, A.; Amaya, C.N.; Wians, F.H., Jr.; Bryan, B.A. PD-1 and PD-L1 expression in bone and soft tissue
sarcomas. Pathology 2017, 49, 506-513, doi:10.1016/j.pathol.2017.05.003.

Majzner, R.G.; Simon, J.S.; Grosso, J.F.; Martinez, D.; Pawel, B.R.; Santi, M.; Merchant, M.S.; Geoerger, B.;
Hezam, |.; Marty, V., et al. Assessment of programmed death-ligand 1 expression and tumor-associated
immune cells in pediatric cancer tissues. Cancer 2017, 123, 3807-3815, d0i:10.1002/cncr.30724.

Liao, Y.; Chen, L.; Feng,Y.; Shen, J.; Gao, Y.; Cote, G.; Choy, E.; Harmon, D.; Mankin, H.; Hornicek, F., et al.
Targeting programmed cell death ligand 1 by CRISPR/Cas9 in osteosarcoma cells. Oncotarget 20117, 8,
30276-30287, d0oi:10.18632/oncotarget.16326.

Koirala, P.; Roth, M.E.; Gill, J.; Piperdi, S.; Chinai, J.M.; Geller, D.S.; Hoang, B.H.; Park, A.; Fremed, M.A;
Zang, X., etal. Immune infiltration and PD-L1 expression in the tumor microenvironment are prognostic
in osteosarcoma. Sci Rep 2016, 6, 30093, d0i:10.1038/srep30093.

Kalim, M.; Wang, S.; Liang, K.; Khan, M.S.1.; Zhan, J. Engineered scPDL1-DM1 drug conjugate with improved
in vitro analysis to target PD-L1 positive cancer cells and intracellular trafficking studies in cancer
therapy. Genetics and molecular biology 2020, 42, 20180391, d0i:10.1590/1678-4685-gmb-2018-0391.

Rouleau, C.; Curiel, M.; Weber, W.; Smale, R.; Kurtzberg, L.; Mascarello, J.; Berger, C.; Wallar, G.; Bagley, R.;
Honma, N., et al. Endosialin protein expression and therapeutic target potentialin human solid tumors:
sarcoma versus carcinoma. Clin Cancer Res 2008, 14, 7223-7236,d0i:10.1158/1078-0432.Ccr-08-0499.

Lange, S.E.; Zheleznyak, A.; Studer, M.; O’Shannessy, D.J.; Lapi, S.E.; Van Tine, B.A. Development of
89Zr-Ontuxizumab for in vivo TEM-1/endosialin PET applications. Oncotarget 2016, 7, 13082-13092,
doi:10.18632/oncotarget.7552.

Gupta, S.; Sosa, C.P.; Kosari, F.; Folpe, A.; Bhinge, K.N.; Yang, L.; Agahi, A.; Johnson, S.H.; Frank, |.; Boorjian,
S.A.,etal. Acomparison of adult rhabdomyosarcoma and high-grade neuroendocrine carcinoma of the
urinary bladder reveals novel PPP1R12A fusions in rhabdomyosarcoma. Hum Pathol 2019, 88, 48-59,
doi:10.1016/j.humpath.2019.03.007.

Sadikovic, B.; Graham, C.; Ho, M.; Zielenska, M.; Somers, G.R. Immunohistochemical expression and
cluster analysis of mesenchymal and neural stem cell-associated proteins in pediatric soft tissue
sarcomas. Pediatr Dev Pathol 2011, 14,259-272, d0i:10.2350/10-08-0890-0a.1.

Bahrami, A.; Gown, A.M.; Baird, G.S.; Hicks, M.J.; Folpe, A.L. Aberrant expression of epithelial and
neuroendocrine markers in alveolar rhabdomyosarcoma: a potentially serious diagnostic pitfall. Mod
Pathol 2008, 21, 795-806, doi:10.1038/modpathol.2008.86.

Mechtersheimer, G.; Staudter, M.; Méller, P. Expression of the natural killer cell-associated antigens CD56
and CD57 in human neural and striated muscle cells and in their tumors. Cancer Res 1991, 51, 1300-1307.

Thompson, L.D.R.; Jo, V.Y.; Agaimy, A.; Llombart-Bosch, A.; Morales, G.N.; Machado, I.; Flucke, U.;
Wakely, P.E., Jr.; Miettinen, M.; Bishop, J.A. Sinonasal Tract Alveolar Rhabdomyosarcoma in Adults:
A Clinicopathologic and Immunophenotypic Study of Fifty-Two Cases with Emphasis on Epithelial
Immunoreactivity. Head Neck Pathol 2018, 12,181-192, d0i:10.1007/s12105-017-0851-9.

Karakus, R.; Karakus, E.; Emir, S.; Kacar, A.; Ozyériik, D. Insulin-like growth factor-1 receptor expression
in pediatric tumors: a comparative immunohistochemical study. Turk J Med Sci 2018, 48, 419-423,
doi:10.3906/sag-1801-233.

113



Chapter 4

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

114

van Gaal, J.C.; Roeffen, M.H.; Flucke, U.E.; van der Laak, J.A.; van der Heijden, G.; de Bont, E.S.; Suurmeijer,
A.J.; Versleijen-Jonkers, Y.M.; van der Graaf, W.T. Simultaneous targeting of insulin-like growth factor-1
receptor and anaplastic lymphoma kinase in embryonal and alveolar rhabdomyosarcoma: a rational
choice. Eur J Cancer 2013, 49, 3462-3470, doi:10.1016/j.ejca.2013.06.022.

Miyoshi, K.; Kohashi, K.; Fushimi, F.; Yamamoto, H.; Kishimoto, J.; Taguchi, T.; Iwamoto, Y.; Oda, Y. Close
correlation between CXCR4 and VEGF expression and frequent CXCR7 expression in rhabdomyosarcoma.
Hum Pathol 2014, 45, 1900-1909, doi:10.1016/j.humpath.2014.05.012.

Krawczyk, M.A.; Styczewska, M.; Sokolewicz, E.M.; Kunc, M.; Gabrych, A.; Fatyga, A.; Izycka-Swieszewska,
E.; Kazanowska, B.; Adamkiewicz-Drozynska, E.; Bien, E. Tumour expressions of hypoxic markers predict
theresponse to neo-adjuvant chemotherapy in children with inoperable rhabdomyosarcoma. Biomarkers
2019, 24, 538-548, d0i:10.1080/1354750x.2019.1606275.

Kendsersky, N.M.; Lindsay, J.; Kolb, E.A.; Smith, M.A_; Teicher, B.A.; Erickson, S.W.; Earley, E.J.; Mosse, Y.P.;
Martinez, D.; Pogoriler, J., et al. The B7-H3-Targeting Antibody-Drug Conjugate m276-SL-PBD Is Potently
Effective Against Pediatric Cancer Preclinical Solid Tumor Models. Clin Cancer Res 2021, 10.1158/1078-
0432.Ccr-20-4221, doi:10.1158/1078-0432.Ccr-20-4221.

Thway, K.; Robertson, D.; Jones, R.L.; Selfe, J.; Shipley, J.; Fisher, C.; Isacke, C.M. Endosialin expression
in soft tissue sarcoma as a potential marker of undifferentiated mesenchymal cells. Br J Cancer 2016,
115,473-479, doi:10.1038/bjc.2016.214.

Freise, A.C.; Wu, A.M. In vivo imaging with antibodies and engineered fragments. Mol Immunol 2015, 67,
142-152, doi:10.1016/j.molimm.2015.04.001.

van Leeuwen, F.W.B.; Schottelius, M.; Brouwer, O.R.; Vidal-Sicart, S.; Achilefu, S.; Klode, J.; Wester, H.J.;
Buckle, T. Trending: Radioactive and Fluorescent Bimodal/Hybrid Tracers as Multiplexing Solutions for
Surgical Guidance. J Nucl Med 2020, 61, 13-19, doi:10.2967/jnumed.119.228684.

Hekman, M.C.; Rijpkema, M.; Muselaers, C.H.; Oosterwijk, E.; Hulsbergen-Van de Kaa, C.A.; Boerman,
0.C.; Oyen, W.J.; Langenhuijsen, J.F.; Mulders, P.F. Tumor-targeted Dual-modality Imaging to Improve
Intraoperative Visualization of Clear Cell Renal Cell Carcinoma: A First in Man Study. Theranostics 2018,
8,2161-2170, d0i:10.7150/thno.23335.

Folli, S.; Wagniéres, G.; Pélegrin, A.; Calmes, J.M.; Braichotte, D.; Buchegger, F.; Chalandon, Y.; Hardman,
N.; Heusser, C.; Givel, J.C., et al. Inmunophotodiagnosis of colon carcinomas in patients injected with
fluoresceinated chimeric antibodies against carcinoembryonic antigen. Proc Natl Acad Sci U S A 1992,
89, 7973-7977, d0i:10.1073/pnas.89.17.7973.

Kuil, J.; Velders, A.H.; van Leeuwen, F.W. Multimodal tumor-targeting peptides functionalized with both
aradio- and a fluorescent label. Bioconjug Chem 2010, 21, 1709-1719, d0i:10.1021/bc100276;j.

Hensbergen, A.W.; Buckle, T.; van Willigen, D.M.; Schottelius, M.; Welling, M.M.; van der Wijk, F.A.; Maurer,
T.; van der Poel, H.G.; van der Pluijm, G.; van Weerden, W.M., et al. Hybrid Tracers Based on Cyanine
Backbones Targeting Prostate-Specific Membrane Antigen: Tuning Pharmacokinetic Properties and
Exploring Dye-Protein Interaction. J Nucl Med 2020, 61, 234-241, doi:10.2967/jnumed.119.233064.

Kopper, O.; de Witte, C.J.; Ldhmussaar, K.; Valle-Inclan, J.E.; Hami, N.; Kester, L.; Balgobind, A.V.; Korving,
J.; Proost, N.; Begthel, H., et al. An organoid platform for ovarian cancer capturesintra- and interpatient
heterogeneity. Nat Med 2019, 25, 838-849, d0i:10.1038/541591-019-0422-6.

Jacob, F.; Salinas, R.D.; Zhang, D.Y.; Nguyen, P.T.T.; Schnoll, J.G.; Wong, S.Z.H.; Thokala, R.; Sheikh, S.;
Saxena, D.; Prokop, S., et al. A Patient-Derived Glioblastoma Organoid Model and Biobank Recapitulates
Inter- and Intra-tumoral Heterogeneity. Cell 2020, 180, 188-204.e122, doi:10.1016/j.cell.2019.11.036.



Introducing Fluorescence-Guided Surgery for Pediatric Ewing, Osteo- and Rhabdomyosarcomas: A Literature Review

Appendix A. PubMed search strategy for clinical trials investigating antibodies in
OS, RMS, or ES.

(“Antibodies”[Mesh] OR “antibodies”[tw] OR “antibody”[tw] OR “Immunoglobu-lins”[Mesh] OR
“Immunoglobulins”[tw] OR “Immunoglobulin”[tw] OR ((“targeted”[All Fields] OR “target*”[tw])
AND (“therapy”[Subheading] OR “therapeutics”[MeSH] OR “therapy”[tw] OR “therap*”[tw])))

AND

(“Rhabdomyosarcoma”[MeSH] OR “Rhabdomyosarcoma”[tw] OR “Rhabdomyo-sar*”[tw] OR
“sarcoma, Ewing”[MeSH] OR “Ewing sarcoma”[tw] OR “Ewing’s Sar-coma”[tw] OR “Ewings
Sarcoma”[tw] OR “Ewing’s Tumor”[tw] OR “Ewings Tumor”[tw] OR “Ewing tumor”[tw] OR
“Osteosarcoma”[MeSH] OR “Osteosarcoma”[tw] OR “Oste-osarc*”[tw] OR “Osteogenic
sarc*”[tw])

AND

(“Child”[MeSH] OR “child”[tw] OR “child*”[tw] OR “infant”[MeSH] OR “infant”[tw] OR
“infant*”[tw] OR “pediatrics”[MeSH] OR “pediatric”[tw] OR “pediatric*”[tw] OR “young
adult”[tw] OR “young adult*”[tw] OR “young”[tw] OR “youth”[tw] OR “youth*”[tw] OR
“adolescent”[MeSH] OR “adolescent”[tw] OR “adolescent*”[tw] OR “adolescence”[tw] OR
“adolescen*”[tw] OR “teen”[tw] OR “teen*”[tw])
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Chapter5

Simple Summary

The only cure for children with Ewing sarcoma (ES) is surgery. Unfortunately, surgeons are
often not able to differentiate healthy from malignant tissue. Fluorescent imaging during
the operation will facilitate recognition of malignant cells, but unfortunately there are no ES
specific tracers available yet. We searched for proteins on ES cells that could be used as a target
against which specific tracers could be developed. The most promising proteins, CD99, CD117,
and GD2, were found in paraffin-embedded tissue samples collected from ES patients. Tracers
against CD99 and CD117, consisting of monoclonal antibodies attached with a fluorescent dye,
showed positive signals on cultured ES cells. In a proof-of-concept study, these tracers were
topically applied on fresh ES tissue, showing a signal in the tumor. Our results indicate the
applicability for fluorescence-guided surgery of ES-based tracers, but these data have to be
confirmed in a larger cohort of pediatric ES patients.
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Abstract

Fluorescence-guided surgery (FGS), based on fluorescent tracers binding to tumor-specific
biomarkers, could assist surgeons to achieve complete tumor resections. This study evaluated
potential biomarkers for FGS in pediatric Ewing sarcoma (ES). Immunohistochemistry (IHC)
was performed to assess CD99, CXCR4, CD117, NPY-R-Y1, and IGF-1R expression in ES biopsies
and resection specimens. LINGO-1 and GD2 evaluation did not work on the acquired tissue.
Based on the immunoreactive scores, anti-CD99 and anti-CD117 were evaluated for binding
specificity using flow cytometry and immunofluorescence microscopy. Anti-GD2, a tracer in
the developmental phase, was also tested. These three tracers were topically applied to a
freshly resected ES tumor and adjacent healthy tissue. IHC demonstrated moderate/strong
CD99 and CD117 expression in ES tumor samples, while adjacent healthy tissue had limited
expression. Flow cytometry and immunofluorescence microscopy confirmed high CD99
expression, along with low/moderate CD117 and low GD2 expression, in ES cell lines. Topical
anti-CD99 and anti-GD2 application on ES tumor showed fluorescence, while anti-CD117 did
not show fluorescence for this patient. In conclusion, CD99-targeting tracers hold promise
for FGS of ES. CD117 and GD2 tracers could be potential alternatives. The next step towards
development of ES-specific FGS tracers could be ex vivo topical application experiments on
a large cohort of ES patients.
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Introduction

Ewing sarcoma (ES) is a rare, aggressive, small blue round cell tumor that can occur in
bone or, more rarely, in soft tissue [1,2]. It is the second most common primary osseous
malignancy in children and young adults, after osteosarcoma [3]. Diagnostic workup involves
plain radiographs, magnetic resonance imaging (MRI), sometimes with additional computed
tomography (CT), followed by a biopsy, and (if possible) molecular confirmation [2,4,5].
Once confirmed, subsequent ES treatment is highly individualized, but generally consists
of multimodality therapies comprising surgery and (neo)adjuvant chemotherapy with or
without radiotherapy [2,6,7]. Clinical outcomes are highly dependent on surgical margins, as
incomplete margins negatively affect both local recurrence (LR) and overall survival (OS) [8-10].
Moreover, incomplete resections often necessitate postoperative radiotherapy to reduce the
risk for LR, while radiotherapy increases the risk for local complications [11]. This is especially
relevant in the context of pediatric patients, as survivors are susceptible to encountering
various (long-term) treatment-related side effects, including compromised growth and
development, organ dysfunction, and secondary malignancies [12,13]. Therefore, improving
complete resection rates is of paramount importance.

However, margin assessment is difficult due to the infiltrative and diffuse growth pattern of ES.
Furthermore, preoperative imaging modalities, such as MRl and CT, which are used to identify
the tumor location and extension, cannot be directly translated to the intraoperative setting for
various reasons. First, these images are limited to a two-dimensional space, whereas the surgery
is performed in a three-dimensional environment. Secondly, they do not precisely overlap with
the intraoperative situation due to tissue manipulation and positioning. Hence, surgeons have to
rely mostly on their tactile and visual feedback, which hinders intraoperative identification of the
tumor border. As a consequence, incomplete resections occur in 20-30% of the ES patients [8,14].

Fluorescence-guided surgery (FGS) is an emerging tool that could help to increase the chance
of complete tumor resections [15]. It has been developed to assist surgeons in accurately
identifying critical anatomical structures, including tumors. By administering a fluorescent
tracer, FGS enables real-time visualization of the structure of interest, facilitated by a dedicated
camera system. FGS can be categorized into non-targeted and targeted (tumor-specific) FGS,
which has been recently reviewed for pediatric ES [16]. Targeted FGS involves the use of tumor-
specific tracers, such as antibodies or peptides conjugated to a fluorophore, to selectively
recognize and bind to targets overexpressed on tumor cells. Currently, targeted FGS is being
explored for various tumor types and has shown promising outcomes, presenting a potential
avenue for improving ES surgery [17-21].

Targeted FGS can be implemented in two distinct ways: through intravenous (IV) administration
of a near-infrared (NIR) fluorescent tracer or via topical application of a fluorescent tracer onto
the resected specimen. Each method possesses its own advantages and disadvantages. The
IV administration of a NIR fluorescent tracer is considered the preferred modality due to its
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capability of providing real-time intraoperative fluorescence assessment of both malignant
and surrounding healthy tissue, including the detection of possible satellite lesions in the tumor
bed. However, the development of a NIR fluorescent tracer entails considerable costs and time
investment. It necessitates comprehensive evaluation of toxicology and safety, determination of
optimal dosage, window of imaging, and subsequent registration as an approved drug. Moreover,
certain tracers may never become available due to significant side effects resulting from binding
to healthy (distant) tissues. FGS by ex vivo topical application, on the other hand, can be a
relatively feasible step towards the development of a FGS tracer for IV use, as it circumvents the
need for expensive and time-consuming toxicology studies for human application [16]. Although
the detection of potential satellite lesions is not possible, topical application can still yield clinical
benefits by aiding in the intraoperative assessment of tumor margins. Furthermore, this method
enables the analysis of fluorescence within the patient-specific tumor-associated stromal and
vascular composition and facilitates the evaluation of inter- and intratumoral heterogeneity.
Thus, it may reduce the reliance on animal experiments, which should be minimized by EC
regulation, but also because they may not accurately reflect the human background fluorescence
necessary for calculating the tumor-to-background ratio (TBR).

Three important parameters define successful targeted FGS: the tumor-specific biomarker
(target), the targeting moiety conjugated to a fluorophore (tracer), and the dedicated camera
system (of which several are already on the market) [22]. Encouragingly, Bosma et al. already
identified some promising targets for ES, based on their overexpression on ES tumor tissue as
assessed by immunohistochemistry (IHC) or flow cytometry [23]. The following targets were
identified: Cluster of Differentiation 99 (CD99), C-X-C chemokine receptor type 4 (CXCR4 also
known as CD184), Cluster of Differentiation 117 (CD117, also known as C-Kit), Neuropeptide
Y receptor type 1 (NPY-R-Y1), Leucine rich repeat, Immunoglobin-like domain-containing
protein 1 (LINGO-1), and insulin-like growth factor 1 receptor (IGF-1R) [23]. Additionally,
disialoganglioside 2 (GD2) could be a promising target due to its known expression of 40-90%
in ES biopsy samples and the clinical availability of an FGS tracer for neuroblastoma, which
will soon be tested in a phase 1/2 clinical trial [24-27].

However, while these potential targets have shown overexpression in pediatric ES, their
expression on healthy tissue surrounding the tumor has not been assessed. As a crucial step
towards developing targeted FGS for ES, this study aims to evaluate the selected targets
through IHC analysis conducted on biopsies and resection specimens, including adjacent
healthy tissue. Including resection specimens with adjacent healthy tissue allows the
evaluation of target expression after preoperative treatment and assessment of the differential
expression between healthy and malignant tissue which will affect the TBR. Subsequently,
three tracers with the highest potential for FGS were further evaluated with fluorescent
tracers. Binding specificity of the tracers was assessed using cell-line-based flow cytometry
and immunofluorescence microscopy experiments. Finally, as proof-of-concept, a topical
application experiment with the three selected tracers was performed on freshly resected
tissue from pediatric ES tumor and surrounding healthy tissue.
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Materials and Methods

Sample Selection

ES patients who gave informed consent for the use of their tissue at the time of surgery and
underwent surgical resection between 2018 and 2022 were eligible for this study. Biopsies
and sections of ES tissue samples with tumor and adjacent healthy tissue were selected by
a sarcoma pathologist. Subsequently, all available corresponding formalin-fixed paraffin-
embedded (FFPE) biopsy material and resection specimens were collected from the
biobank of the Princess Maxima Center for Pediatric Oncology, The Netherlands. Ethical
approval for collecting FFPE tissue and for the use of freshly excised tissue was acquired
from the institutional review board of the Princess Maxima Center for Pediatric Oncology
(PMCLAB2022.317). The study was conducted in accordance with the Declaration of Helsinki.

Biomarkers

Seven biomarkers were selected for IHC evaluation based on their potential for FGSin ES, as
reported in the literature [23]. The biomarkers CD99, CXCR4, CD117, NPY-R-Y1, LINGO-1, and
IGF-1R were based on a systematic review that selected promising targets for FGS in ES [23].
GD2 was added for its known overexpression on ES and the availability of a clinically targeted
tracer [23,24,26].

Immunohistochemistry

FFPE biopsies from 13 ES patients, and 8 corresponding resection specimens with adjacent
healthy tissue, were included in the IHC evaluation. All of these selected cases received
preoperative chemotherapy as standard treatment at the Princess Maxima Center for Pediatric
Oncology (Table 1). Sections from FFPE blocks having a 4 um thickness were cut, mounted on
pre-coated slides, and dried for at least 30 min at 70°C. For IGF-1R, sections were manually
deparaffinized in xylene for 15 min, rehydrated in a series of 100%, 50%, and 25% ethanol
dilutions, and rinsed in demineralized water. Endogenous peroxidase was blocked with
0.3% hydrogen peroxide in demineralized water for 20 min. Antigen retrieval was performed
using the PT Link (Dako, Glostrup, Denmark; Appendix A), and two washing steps of 5 min in
phosphate buffered saline (PBS) were performed. Sections were incubated in a humidified
room with 150 pL primary antibody using predetermined solutions based on test stainings on
control tissue (Appendix A). Afterwards, slides were washed three times in PBS for 5 min and
incubated with the appropriate secondary goat-anti rabbit HRP conjugate (catalog number
K4003, Agilent Technologies, Santa Clara, CA, USA), followed by an additional washing step.
Staining was visualized through incubation with 3,3-diaminobenzidine tetrahydrochloride
solution (DAB, K3468, Agilent Technologies, Inc., Santa Clara, CA, USA) for 10 min at room
temperature. For the other biomarkers, deparaffinization and IHC stains were performed with
an automated BOND-RX system (Leica Microsystems, Wetzlar, Germany). Antigen retrieval was
performed by boiling the sections in TRIS/EDTA (BOND Epitope Retrieval Solution 2, pH9; Leica
Biosystems, Wetzlar, Germany) for 15 min for CXCR4, GD2, and LINGO-1, for 20 min for CD99 and
CD117, and for 30 min for NPY-R-Y1. Primary and secondary antibodies used for IHC evaluation
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were selected based on the literature (Appendix A). Endogenous peroxidase was blocked with
0.3% hydrogen peroxide in demineralized water for 5 min and the sections were incubated for
15 min at RT with the primary antibodies, except for LINGO-1 which was incubated for 30 min
at RT. The sections were then incubated for 8 min with a post primary rabbit anti-mouse linker
followed by incubation for 8 min with anti-rabbit horseradish-peroxidase-labeled polymer.
Afterincubation for 10 min with diaminobenzidine, all slides were counterstained for 5 min with
hematoxylin (BOND Polymer Refine Detection Kit; Leica Biosystems), dehydrated, cleared, and
mounted. On each slide a positive and negative control tissue was included (identified with
the human protein atlas; Appendix A) [28]. Stained sections were digitalized with the Aperio
Scanner (Leica Biosystems, Wetzlar, Germany) and viewed with ImageScope Software (version
12.4.6, Aperio ePathology, Leica).

Table 1. Ewing sarcoma patient and tumor characteristics.

Patient Gender Age* Preoperative Therapy % Vital Tumor cTNM
in Resection
Specimen
1 Female 13 VIDE 30% cTINOMO
2 Female 16 VIDE, Melphalan/Treosulfan, Irinotecan/  N.A. cTXxNOMO
Temozolomide
3 Male 14 VIDE, Dactinomycin, Melphalan/ 40% CcT2N1M1
Treosulfan
4 Female 2 VIDE, VAI N.A. CcTINOM1
5 Male 5 VIDE, VAI 40% cTINOMO
6 Male 14 VIDE, VAC, Melphalan/Treosulfan 40% CT2N1MO
7 Male 6 VIDE, VAI, Busulfan/Melphalan 80% CcTINOMO
8 Male 5 Cyclofosfamide/Topotecan, N.A. cT2NOM1

Tremozolamide/Irinotecan, Treosulfan/
Melphalan, VIDE, VA, Vinorelbine

9 Male 6 VIDE, VAI N.A. CcT2NOMO
10 Female 8 VIDE, Treosulfan/Melphalan 40% CT2N1MO
11 Female 18 VIDE N.A. cT2NOMO
12 Male 16 VIDE, VAI, Treosulfan/Melphalan 50% cT2NOMO
13 Male 14 VIDE, Treosulfan/Melphalan, VAC, 40% CT2NOM1

Cyclofosfamide/topotecan

* Age at diagnosis in years. Abbreviations: VIDE = Vincristine Ifosfamide Doxorubicin Etoposide;
VAI = Vincristine Dactinomycin Ifosfamide; VAC = Vincristine, Doxorubicin, Cyclophosphamide; N.A. = Not
applicable, since only biopsy material but no resection specimen was available.

Immunohistochemistry Scoring Method

IHC scoring was performed by a pathologist specialized in sarcomas. For assessment, an
ordinal scale was used based on the percentage of stained cells and staining intensity (number
of stained cells: 0 = 10%; 1 = 10-25%; 2 = 25-50%; 3 = 50-75%; and 4 = 75%; staining intensity:
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0 =no staining; 1 = mild; 2= moderate; 3 = strong). The two scores were then multiplied to
create the finalimmunoreactive score (IRS) with a range from 0 to 12. The final expression score
was the IRS subdivided into 3 categories (0-3 = weak expression; 4-8 = moderate expression,
and 9-12 = strong expression). An example of the immunohistochemical scoring method in
biopsies of ES tumors is depicted in Figure 1. Biomarkers with strong expression in the tumor
and weak expression in adjacent healthy tissue were considered most suitable for FGS.

Figure 1. Example of inmunohistochemical scoring method in biopsies of ES tumors. An ordinal scale was
used based on the percentage of stained cells and staining intensity. The two scores were then multiplied
to create the final immunoreactive score (IRS); (a) < 10% stained cells (=score 0) and no expression intensity
(=score 0) creates an IRS of 0 (IGF-1R); (b) = 10-25% stained cells (=score 1) and mild intensity (=score 1)
creates an IRS of 1 (CXCR4); (c) = 75% stained cells (=score 4) and moderate intensity (=score 2) creates an
IRS of 8 (CD117); (d) = 75% stained cells (=score 4) and strong intensity (=score 3) creates an IRS of 12 (CD99).

Human Cancer Lines

ES cell lines A673 and RD-ES were selected as cells to assess binding of the tracers, while
neuroblastoma cell lines SK-N-BE and KCNR, and breast cancer organoid lines BC27T and
BC62T served as positive or negative controls for the selected targets (Table 2). Controls were
selected based on RNA expression for the targets of interest (Appendix B). ES cell lines were
obtained from American Type Culture Collection (ATCC, Manassas, USA), neuroblastoma cell
lines from cryopreservation at the Princess Maxima Center, The Netherlands, and breast
cancer organoid lines were developed, with informed consent from all donors at Hubrecht
Organoid Technology, Utrecht, The Netherlands. Short tandem repeat (STR) profiling was
performed to ensure quality and integrity of the ES cell lines. A673 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing high glucose, glutamine, phenol
red, and sodium pyruvate (Gibco, Invitrogen, Carlsbad, USA), 10% Fetal Bovine Serum (FBS;
Hyclone, Thermo Scientific, Rockford, IL, USA), and penicillin/streptomycin (PS, both 100
IU/mL; Invitrogen). RD-ES cells were cultured in RPMI-1640 medium (Invitrogen) with 10%
FBS and PS. SK-N-BE and KCNR cells were cultured in DMEM4x medium, which consists of
DMEM (Invitrogen) supplemented with high glucose, 2 mM L-glutamine (Invitrogen), Minimum
Essential Medium (MEM) non-essential amino acids (Invitrogen), 10% FBS and PS. BC27T and
62T cells were received in 12-well suspension plates (Greiner Bio-One GmbH, Firckenhausen,
Germany) seeded in basement membrane extract (Cultrex BME, R&D Systems, Minneapolis,
USA) just before the experiment was conducted [29,30]. Absence of mycoplasma in all cell
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lines was confirmed using polymerase chain reaction. Cells were grown to 90% confluencein
a humidified incubator at 37 °C (5% CO2) and detached with trypLE/EDTA (Invitrogen).

Table 2. Human cancer lines selected as tested and positive and negative control lines for the three
selected targets, CD99, CD117, and GD2.

Target Tested Ewing Sarcoma Cell Lines Positive Control Negative Control
CDb99 A673 and RD-ES BC62T SK-N-BE

CD117 A673 and RD-ES BC62T BC27T

GD2 A673 and RD-ES KCNR BC27T

Antibodies Used for Flow Cytometry and Immunofluorescence Microscopy

Mouse IgG2a kappa monoclonal CD99 antibody (3B2/TA8) labeled with FITC and mouse IgG1
kappa monoclonal CD117 antibody (YB5.B8) labeled with PE were bought from Invitrogen.
Mouse IgG2a kappa isotype control (eBM2a) labeled with FITC and mouse IgG1 kappa isotype
control (P3.6.2.8.1) labeled with PE (Invitrogen) were recommended (by Invitrogen) and used
asisotype controls. A chimeric monoclonal antibody against GD2 (Dinutuximab-beta, Qarziba,
Laupheim, Germany) was conjugated to Alexa Fluor™ NHS ester 647 (Invitrogen). The Alexa
Fluor (AF) NHS esters were dissolved in anhydrous dimethylsulfoxide (DMSO) (Invitrogen,
D12345, Carlsbad, USA), and the reaction was carried out in 0.5 M Hepes buffer (15630-056,
Gibco, Carlsbad, USA), pH 8.0, at room temperature for two hours. 0.1 M Tris was added to
quench the reaction. The antibody-fluorophore conjugate was purified twice using a gel
filtration column (Zeba Spin Desalting Column, 40 MWKO, Thermo Fisher Scientific, Waltham,
USA). The degree of labeling (DoL) was calculated by measuring the protein concentration and
fluorophore concentration using the NanoDrop™ One (Thermo Fisher Scientific, Waltham,
USA). A Dol around 1-1.5 was considered successful as this is generally recommended for
FGS probes [31].

Flow Cytometry

After detachment, cells were adjusted to 0.3x10° viable cells/well in FACS buffer (10% FBS,
ThermoFisher) in a 96-well U-bottom plate (Invitrogen). Cells were incubated on ice for 45-60
min, avoiding light exposure, with 5 pg/mL 3B2/TA8-FITC, 5 ug/mL YB5.B8-PE, and 1 pg/mL
Dinituximab-AF647 in FACS buffer containing live/dead staining (LIVE/DEAD™ Fixable Near-IR
Dead Cell Stain, ThermoFisher). Apart from negative control cell lines, isotype controls (5 ug/
mL eBM2a-FITCand 5 pg/mL P3.6.2.8.2-PE) were added to the cells in separate wells to assess
binding specificity. Next, cells were washed twice, and flow cytometry measurements were
performed using the CytoFLEX LX (Beckman Coulter, Brea, USA) using the lasers and detectors
to measure FITC, PE, AF647, and the live/dead staining (respectively 525/40, 585/42, 695/40,
and 763/43). Analysis was performed using FlowJo software (TreeStar, Woodburn, USA).

Immunofluorescence Microscopy

After detachment, cells were adjusted to 0.3x10° viable cells/well in culture medium in a
Greiner 96-well glass-bottom plate (Sigma-Aldrich, St. Louis, USA). Cells were incubated for
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45-60 min in a humidified incubator at 37°C and 5% CO2 with similar antibody concentrations
as described for flow cytometry. In addition, a cell membrane staining CellBrite 450 (Biotium,
Fremont, USA) was added 1:1000 simultaneously with the antibodies. Next, imaging was
performed with the SP8 Leica microscope (Leica Microsystems, Wetzlar, Germany) usinga HC
PLAPO 10X/0.40 CS2 objective with zoom set to 1.0 and digitized in 16 bits per voxel. The 488
nm, 561 nm, and 633 nm lasers were used for FITC, PE, and AF647, respectively. For detection
of every tracer, a separate photo-multiplier tube (PMT) detector was used with the minimum
and maximum wavelengths set according to the reference spectra of FITC, PE, and AF647.
Three-dimensional rendering was performed using Imaris x64 (10.0 Bitplane).

Topical Application and Imaging

Freshly resected tumor tissue and adjacent healthy (bone and muscle) tissue were derived from
the proximal femur of a pediatric ES patient directly after surgery. A pathologist specialized
in sarcoma, blinded for fluorescence, selected tissue samples from clinically relevant regions
(with tumor and adjacent healthy tissues) based on visual inspection of the slides of the
resection specimen. The acquired tissue was then cut into slices of approximately 0.5 cm
x 0.5 cm x 0.2 cm. These tissues were immediately incubated for 45-60 min in a humidified
incubator at 37°C and 5% CO2 with CellBrite 450, 3B2/TA8-FITC, YB5.B8-PE, and Dinituximab-
AF64T7 using the same concentrations as described for flow cytometry. Directly after incubation
without any washing steps, multispectral imaging of the specimen was performed with the
SP8 Leica microscope (Leica Microsystems, Wetzlar, Germany) using a HC PL APO 10X/0.40 CS2
objective with zoom set to 1.0 and digitized in 16 bits per voxel. Three-dimensional rendering
was performed using Imaris x64 (10.0 Bitplane).

Statistical Analysis

Each biomarker’s categorical IRS (0-3 = weak expression; 4-8 = moderate expression, and
9-12 = strong expression) was depicted with bar charts created by GraphPad Prism 9 (La Jolla,
USA).

Results

Immunohistochemistry

In total, 13 patients (8 biopsies with corresponding post-chemotherapy resection specimen
and 5 biopsies without) were included for the IHC evaluation. This cohort had a median age
of 11 years (range: 2-19 years), most patients were male (n =8/13; 62%), and all patients
received preoperative chemotherapy (Table 1). IHC analysis showed high percentages of
stained ES cells for CD99, CD117, and NPY-R-Y1, mostly with moderate/strong intensity,
while expression on adjacent healthy tissue was limited (Figure 2). The tumor boundary was
determined by a pathologist specialized in sarcoma using hematoxylin eosin (H&E) stained
samples. The immunoreactive score was not utilized for differentiation between tumor and
healthy tissues. Occasionally, false positive signals were observed in healthy tissue, posing
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a risk of over-resection and potential loss of function. However, CD99 and CD117 showed
relatively lower expression in healthy tissue compared to the tumor tissue. Despite some inter-
tumor variability, both CD99 and CD117 were consistently expressed in both tumor biopsy and
tumor resection specimens. For CD117, the average IRS score in post-chemotherapy resection
specimen was lower compared to biopsies, which could mean that CD117 expression decreased
after chemotherapy. For the other biomarkers, we did not observe this phenomenon as IRSs
were comparable in the biopsy and corresponding resection specimen (Figure 3). For GD2 and
LINGO-1, we could not establish a working IHC protocol for the acquired FFPE tissue.
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Figure 2. Representative IHC staining of biopsy and corresponding post-chemotherapy resection specimen
from an ES patient. The H&E staining shows tumor cells in biopsy material (T), and adjacent healthy “normal”
tissue (N) as well as tumor tissue (T) in resection material. Overall, CD99, CD117, and NPY-R-Y1 showed high
percentages of stained ES cells in biopsy and resection material, with moderate to strong intensity, while
staining in adjacent healthy tissue was limited. In this case CXCR4 displayed a moderate percentage of
stained cells with mild to strong intensity, while IGF-1R did not show any stained cells.
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Figure 3. Immunoreactive score (IRS) of the selected biomarkers divided into three categories; weak (IRS
0-3), moderate (IRS 4-8), and strong (IRS 8-12). Separate results are depicted for (a) biopsy material (n=13)
and (b) resection specimen (n=8).

Flow Cytometry and Immunofluorescence Microscopy

CD99 and CD117 were selected for cell line-based experiments based on their high IRS
scores in ES tumor, but limited expression in adjacent healthy tissue. In addition, GD2 was
investigated since an FGS tracer for this biomarker is in the developmental phase and previous
literature reported relatively high GD2 expression (40-90%) in ES tissue [24-26]. First, binding
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of anti-CD99 (3B2/TA8-FITC), anti-CD117 (Yb5.B8-PE), and anti-GD2 (Dinutuximab-AF647) was
evaluated with flow cytometry. A673, RD-ES, BC62T, and SK-N-BE cells showed respectively
high, high, moderate, and almost negative binding of anti-CD99 (Appendix C). A673, RD-ES,
BC62T, and BC27T cells showed respectively low, moderate, moderate, and negative binding
of anti-CD117 (Appendix C). A673, RD-ES, KCNR, and BC27T cells showed respectively low,
moderate, high, and low binding of anti-GD2 (Appendix C). Next, immunofluorescence
microscopy confirmed flow cytometry results; membranous binding of anti-CD99 and anti-
CD117 was observed for all ES cells, while anti-GD2 only stained some ES cells (Figure 4).

Vi e 300 ES

Figure 4. Inmunofluorescence analysis of (a) 3B2/TA8-FITC (anti-CD99); (b) Yb5.B8-PE (an-ti-CD117); and
(c) Dinutuximab-AF647 (anti-GD2) binding to A673 and RD-ES cells. Anti-CD99, anti-CD117 and anti-GD2
are shown in green, yellow, and red, respectively. The cell membrane marker CellBrite 450 stained all cell
membranes (white).

Topical Application

Fresh tissue from a proximal femur resection specimen was collected directly after surgery
(Figure 5). Tumor and adjacent healthy (bone and muscle) tissues were immediately incubated
with CellBrite 450, anti-CD99, anti-CD117, and anti-GD2. Topical application of anti-CD99 and
anti-GD2 on ES tumor showed fluorescence, while anti-CD117 did not. None of the tracers was
fluorescent on neighboring healthy muscle or bone tissues (Figure 6).
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Figure 5. Freshly resected ES: (a) left proximal femur of a 2-year-old child; (b) bisected specimen shows
fresh tumor tissue with adjacent healthy bone and muscle (used for the topical application experiment).
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Figure 6. Immunofluorescence evaluation of 3B2/TA8-FITC (anti-CD99, green), Yb5.B8-PE (an-ti-CD117,
yellow), and Dinutuximab-AF647 (anti-GD2, red) binding to a freshly resected ES tumor (a, b) and adjacent
healthy bone (c) and muscle (d) tissues ex vivo. Anti-CD99 and anti-GD2 showed fluorescent signal in the
tumor explant, while anti-CD117 did not show fluorescent signal. No fluorescence was observed in adjacent
healthy bone and muscle tissue. The cell membrane marker (CellBrite 450) clearly stained all cell membranes
(cyan,).
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Discussion

In this study, we first evaluated ES specific biomarkers on FFPE tumor and adjacent healthy
tissue with IHC. Based on their IRS, CD99 and CD117 were considered the most promising
targets for FGSin ES. In addition, GD2 was added as a promising biomarker based on previously
reported high expression in ES and the exceptional availability of a clinical FGS tracer for
pediatric patients (currently in clinical phase 1/2 trial for neuroblastoma) [26]. Next, flow
cytometry and fluorescence microscopy experiments with fluorescent antibodies targeting
CD99, CD117, and GD2 revealed, respectively, high, low/moderate, and low expression on living
ES cells. Then, as proof-of-concept, an ex vivo topical application experiment was conducted
on one freshly resected ES tumor and adjacent healthy tissue. Although not generalizable due
to the small sample size, CD99 and GD2 targeting tracers showed fluorescent signal on the
ES tumor, whereas anti-CD117 did not show fluorescence for this patient. Importantly for the
intended application, none of the tracers showed fluorescence on adjacent healthy (bone
and muscle) tissue.

We adhered to standard preclinical workup for the evaluation of biomarkers for targeted
FGS. After the selection of potential targets by Bosma et al., we conducted IHC experiments
including both healthy and malignant tissue [23]. While LINGO-1 and GD2 have demonstrated
high expression in ES (40-91%), their expression in adjacent healthy tissue has not been
characterized [24,32]. Unfortunately, we encountered difficulties in establishing a working
IHC staining protocol for LINGO-1 and GD2 on FFPE tissue. GD2 is of particular interest due
to the availability of a clinical tracer [26]. High GD2 expression has been reported in various
pediatric tumor types, but inconsistencies in measured levels via IHC have been observed
[24,26,33]. This discrepancy can be attributed to the solubility of GD2 in certain solvents,
such as ethanol, which is required for FFPE tissue preparation [27,33]. Fresh frozen tissue
could serve as an alternative, but flow cytometry on living cells also overcomes the limitations
caused by sample processing [27,34]. Notably, Wingerter et al. employed flow cytometry to
evaluate GD2 expression and, in line with our findings, reported low GD2 expression levels in
the same commercially available ES cell lines (A673 and RD-ES) [27]. However, the percentage
of GD2-positive cells in six primary (non-commercially available) ES cell lines ranged from low
(1%) to high (98%) [27]. The heterogeneity in GD2 expression in ES cells could be attributed to
the degree of tumor cell differentiation [28]. Therefore, GD2 expression might be specific to
individual patients rather than tumor entities. Despite the low binding of anti-GD2 to ES cell
lines A673 and RD-ES, as determined by flow cytometry and fluorescence microscopy, anti-
GD2 exhibited a fluorescent signal in our topical application experiment. Together with the
known heterogeneous GD2 expression in ES, this suggests that it should not be disregarded
as a potential candidate for FGS.

We consider CD99 the most promising target for FGS in ES due to its consistent high tumor-

specific expression demonstrated in both in vitro and ex vivo experiments. As emphasized
in the introduction, the ex vivo topical application of a CD99-targeting tracer on resected

132



Evaluation of Potential Targets for Fluorescence-Guided Surgery in Pediatric Ewing Sarcoma: A Preclinical Proof-of-Concept Study

tumor specimens can serve as a practical initial approach for intraoperatively assessing tumor
margins. This approach offers advantages such as bypassing the time-consuming and costly
development of an intravenously administered tracer, while at the same time providing clinical
benefits by aiding in intraoperative tumor margin assessment. Successful translation to IV use
can be anticipated once ex vivo topical application consistently yields promising results, as
demonstrated with EMI-137 targeting c-MET in penile squamous cell carcinoma [35]. However,
multiple essential aspects need to be assessed before clinical translation of a targeted tracer,
such as comprehensive evaluation of biodistribution, toxicology, determination of optimal
dosage and safety, and subsequent registration as an approved drug. It is worth noting that
fully humanized monoclonal antibodies and single-chain variable fragment (scFv) against CD99
are already available and have exhibited minimal toxicity to healthy peripheral blood cells [36].
Ideally, the smaller anti-CD99 scFv should be transformed into a clinical tracer by conjugation
toa NIR fluorophore. This approach would enable the achievement of a high TBR within hours
after IV administration, compared to days required for large-sized antibodies [16,36].

Ex vivo topical application experiments offer an additional advantage by enabling the
simultaneous testing of multiple tracers when they are conjugated with fluorophores that have
significantly different excitation and emission spectra. Considering tracers targeting CD117
and GD2 as potential alternatives to CD99, these could be included in the same trial. However,
it is important to consider that the emission wavelength of the fluorophore may affect the
penetration depth of the fluorescent signal and the level of autofluorescence. If the objective is
to test only one tracer per patient using topical application, or when multiple tracers become
available for IV use in the future, biopsies can be utilized to select the most promising patient-
specific tracer. Our findings indicate that, except for CD117, the expression of the tested tracers
for ES was relatively similar between biopsy and resection specimens. In cases where single
tracers are unable to fully cover the tumor with fluorescence due to intratumoral heterogeneity,
a possible solution would be to evaluate a combination of tracers [37].

This study has some limitations that should be acknowledged. Firstly, the rarity of ES resulted
in a limited availability of FFPE samples. Additionally, despite our efforts, we were unable to
establish a working ICH protocol for LINGO-1 and GD2 on the available FFPE tissue. In addition,
comparing IHC stainings for the purpose of FGS should be undertaken with caution due to
the variability of results depending on decalcification methods and the type of antibodies,
dilutions, epitopes, clones, or staining protocols used [38]. Moreover, the IRS scoring can be
seen as subjective due to intra- and inter-observer variability, and objective scoring methods
using semi-automated imaging software such as ImageJ or QuPath could improve the quality
of this study [39-41]. However, evaluation with QuPath required a test and validation set, which
was unfeasible for our small cohort of ES samples. Additionally, scoring of our pathologist
specialized in sarcoma (working in a tertiary referral center) is currently seen as the gold
standard. Therefore, no further objective scoring was performed. Although we focused on the
most promising targets, namely CD99, CD117, and GD2, we also found NPY-R-Y1 to be of interest
and worthy of further investigation. Furthermore, the topical application was performed on
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only one freshly resected ES bone specimen. The applicability for FGS of ES-based tracers
has to be confirmed in a larger cohort of pediatric ES patients, preferably in a multicenter
setting. This study was performed to showcase the proof-of-principle, and to encourage future
studies to conduct topical application experiments with a large cohort of ES patients. Yet, the
feasibility of targeted FGS in a large number of bone and soft tissue ES patients, as well as the
possible applicability in non-Ewing SRCT, remains to be investigated. Ideally, FGS would be
able to identify both bone and soft tissue margins. However, mainly the soft tissue expansion
and the periosteal or subperiosteal expansion would be useful for visualization with FGS, as
the osseous tumor margin could also be navigated with X-ray or computer-assisted surgery
[42]. Nonetheless, with promising results obtained from IHC, in vitro experiments using two
patient-derived ES cell lines (A673 and RD-ES), and a proof-of-principle experiment conducted
on freshly resected ES tissue, we believe that this study demonstrates the potential of FGS for
improving ES treatment in the future.

Conclusions

Based on the immunohistochemical evaluation, preclinical in vitro experiments, and ex vivo
topical application experiment on freshly resected Ewing sarcoma and adjacent healthy
tissue, our findings suggest that CD99-targeting tracers hold promise for fluorescence-guided
surgery of Ewing sarcoma. Furthermore, tracers targeting CD117 and GD2 show potential as
alternative options. As a next step towards the clinicalimplementation of intravenous tracers
for targeted fluorescence-guided surgery in Ewing sarcoma, we recommend conducting an ex
vivo topical application study on a large cohort of Ewing sarcoma patients. This study would
provide valuable insights and pave the way for further advancements in the field of Ewing
sarcoma treatment.

134



Evaluation of Potential Targets for Fluorescence-Guided Surgery in Pediatric Ewing Sarcoma: A Preclinical Proof-of-Concept Study

References

10.

11.

12.

13.

14.

Esiashvili, N.; Goodman, M.; Marcus, R.B., Jr. Changes in incidence and survival of Ewing sarcoma patients
over the past 3 decades: Surveillance Epidemiology and End Results data. J Pediatr Hematol Oncol 2008,
30, 425-430, doi:10.1097/MPH.0b013e31816e22f3.

Z6llner, S.K.; Amatruda, J.F.; Bauer, S.; Collaud, S.; de Alava, E.; DuBois, S.G.; Hardes, J.; Hartmann,
W.; Kovar, H.; Metzler, M., et al. Ewing Sarcoma-Diagnosis, Treatment, Clinical Challenges and Future
Perspectives. J Clin Med 2021, 10, doi:10.3390/jcm10081685.

Damron, T.A.; Ward, W.G.; Stewart, A. Osteosarcoma, chondrosarcoma, and Ewing’s sarcoma: National
Cancer Data Base Report. Clin Orthop Relat Res 2007, 459, 40-47, d0i:10.1097/BL0.0b013e318059b8c9.

Daniel, A., Jr.; Ullah, E.; Wahab, S.; Kumar, V., Jr. Relevance of MRI in prediction of malignancy
of musculoskeletal system--a prospective evaluation. BMC Musculoskelet Disord 2009, 10, 125,
doi:10.1186/1471-2474-10-125.

Ulaner, G.; Hwang, S.; Lefkowitz, R.A.; Landa, J.; Panicek, D.M. Musculoskeletal tumors and tumor-like
conditions: common and avoidable pitfalls atimaging in patients with known or suspected cancer: Part
A: benign conditions that may mimic malignancy. Int Orthop 2013, 37,871-876, d0i:10.1007/s00264-013-
1823-T.

Anderton, J.; Moroz, V.; Marec-Bérard, P.; Gaspar, N.; Laurence, V.; Martin-Broto, J.; Sastre, A,;
Gelderblom, H.; Owens, C.; Kaiser, S., et al. International randomised controlled trial for the treatment
of newly diagnosed EWING sarcoma family of tumours - EURO EWING 2012 Protocol. Trials 2020, 21, 96,
doi:10.1186/s13063-019-4026-8.

Kreyer, J.; Ranft, A.; Timmermann, B.; Juergens, H.; Jung, S.; Wiebe, K.; Boelling, T.; Schuck, A.; Vieth, V.;
Streitbuerger, A., et al. Impact of the Interdisciplinary Tumor Board of the Cooperative Ewing Sarcoma
Study Group on local therapy and overall survival of Ewing sarcoma patients after induction therapy.
Pediatr Blood Cancer 2018, 65, €27384, d0i:10.1002/pbc.27384.

Bacci, G.; Longhi, A.; Briccoli, A.; Bertoni, F.; Versari, M.; Picci, P. The role of surgical margins in treatment
of Ewing’s sarcoma family tumors: experience of a single institution with 512 patients treated with
adjuvant and neoadjuvant chemotherapy. Int J Radiat Oncol Biol Phys 2006, 65, 766-772, d0i:10.1016/j.
ijrobp.2006.01.019.

Ozaki, T.; Hillmann, A.; Hoffmann, C.; Riibe, C.; Blasius, S.; Dunst, J.; Jurgens, H.; Winkelmann,
W. Significance of surgical margin on the prognosis of patients with Ewing’s sarcoma. A report
from the Cooperative Ewing’s Sarcoma Study. Cancer 1996, 78, 892-900, doi:10.1002/(sici)1097-
0142(19960815)78:4<892::Aid-cncr29>3.0.Co;2-p.

Sluga, M.; Windhager, R.; Lang, S.; Heinzl, H.; Krepler, P.; Mittermayer, F.; Dominkus, M.; Zoubek, A.; Kotz,
R. The role of surgery and resection margins in the treatment of Ewing’s sarcoma. Clin Orthop Relat Res
2001, 10.1097/00003086-200111000-00051, 394-399, d0i:10.1097/00003086-200111000-00051.

Dunst, J.; Schuck, A. Role of radiotherapy in Ewing tumors. Pediatr Blood Cancer 2004, 42, 465-470,
doi:10.1002/pbc.10446.

Hamilton, S.N.; Carlson, R.; Hasan, H.; Rassekh, S.R.; Goddard, K. Long-term Outcomes and Complications
in Pediatric Ewing Sarcoma. Am J Clin Oncol 2017, 40, 423-428, d0i:10.1097/coc.0000000000000176.
Paulino, A.C. Late effects of radiotherapy for pediatric extremity sarcomas. Int J Radiat Oncol Biol Phys
2004, 60, 265-274, d0i:10.1016/j.ijrobp.2004.02.001.

Foulon, S.; Brennan, B.; Gaspar, N.; Dirksen, U.; Jeys, L.; Cassoni, A.; Claude, L.; Seddon, B.; Marec-
Berard, P.; Whelan, J., et al. Can postoperative radiotherapy be omitted in localised standard-risk
Ewing sarcoma? An observational study of the Euro-E.W.I.N.G group. Eur J Cancer 2016, 61, 128-136,
doi:10.1016/j.ejca.2016.03.075.

135



Chapter5

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

136

Vahrmeijer, A.L.; Hutteman, M.; van der Vorst, J.R.; van de Velde, C.J.; Frangioni, J.V. Image-guided
cancer surgery using near-infrared fluorescence. Nat Rev Clin Oncol 2013, 10, 507-518, d0i:10.1038/
nrclinonc.2013.123.

Rijs, Z.; Jeremiasse, B.; Shifai, N.; Gelderblom, H.; Sier, C.F.M.; Vahrmeijer, A.L.; van Leeuwen, FW.B.;
van der Steeg, A.F.W.; van de Sande, M.A.J. Introducing Fluorescence-Guided Surgery for Pediatric
Ewing, Osteo-, and Rhabdomyosarcomas: A Literature Review. Biomedicines 2021, 9, doi:10.3390/
biomedicines9101388.

de Valk, K.S.; Deken, M.M.; Schaap, D.P.; Meijer, R.P.; Boogerd, L.S.; Hoogstins, C.E.; van der Valk, M.J.;
Kamerling, I.M.; Bhairosingh, S.S.; Framery, B., et al. Dose-Finding Study of a CEA-Targeting Agent, SGM-
101, for Intraoperative Fluorescence Imaging of Colorectal Cancer. Ann Surg Oncol 2021, 28, 1832-1844,
d0i:10.1245/510434-020-09069-2.

Hernot, S.; van Manen, L.; Debie, P.; Mieog, J.S.D.; Vahrmeijer, A.L. Latest developments in molecular
tracers for fluorescence image-guided cancer surgery. Lancet Oncol 2019, 20, e354-e367, d0i:10.1016/
$1470-2045(19)30317-1.

Hoogstins, C.E.; Tummers, Q.R.; Gaarenstroom, K.N.; de Kroon, C.D.; Trimbos, J.B.; Bosse, T.; Smit, V.T.;
Vuyk, J.; van de Velde, C.J.; Cohen, A.F., et al. A Novel Tumor-Specific Agent for Intraoperative Near-
Infrared Fluorescence Imaging: A Translational Study in Healthy Volunteers and Patients with Ovarian
Cancer. Clin Cancer Res 2016, 22,2929-2938, d0i:10.1158/1078-0432.Ccr-15-2640.

Meijer, R.P.J.; de Valk, K.S.; Deken, M.M.; Boogerd, L.S.F.; Hoogstins, C.E.S.; Bhairosingh, S.S.;
Swijnenburg, R.J.; Bonsing, B.A.; Framery, B.; Farifia Sarasqueta, A., et al. Intraoperative detection of
colorectal and pancreatic liver metastases using SGM-101, a fluorescent antibody targeting CEA. Eur J
Surg Oncol 2021, 47,667-673, d0i:10.1016/j.€js0.2020.10.034.

Steinkamp, P.J.; Pranger, B.K.; Li, M.F.; Linssen, M.D.; Voskuil, F.J.; Been, L.B.; van Leeuwen, B.L.;
Suurmeijer, A.J.H.; Nagengast, W.B.; Kruijff, S., et al. Fluorescence-Guided Visualization of Soft-Tissue
Sarcomas by Targeting Vascular Endothelial Growth Factor A: A Phase 1 Single-Center Clinical Trial. J
Nucl Med 2021, 62, 342-347, d0i:10.2967/jnumed.120.245696.

Barth, C.W.; Gibbs, S.L. Fluorescence Image-Guided Surgery - a Perspective on Contrast Agent
Development. Proc SPIE Int Soc Opt Eng 2020, 11222, doi:10.1117/12.2545292.

Bosma, S.E.; van Driel, P.B.; Hogendoorn, P.C.; Dijkstra, P.S.; Sier, C.F. Introducing fluorescence guided
surgery into orthopedic oncology: A systematic review of candidate protein targets for Ewing sarcoma.
J Surg Oncol 2018, 118,906-914, d0i:10.1002/js0.25224.

Kailayangiri, S.; Altvater, B.; Meltzer, J.; Pscherer, S.; Luecke, A.; Dierkes, C.; Titze, U.; Leuchte, K.;
Landmeier, S.; Hotfilder, M., et al. The ganglioside antigen G(D2) is surface-expressed in Ewing sarcoma
and allows for MHC-independent immune targeting. Br J Cancer 2012, 106, 1123-1133, d0i:10.1038/
bjc.2012.57.

Spasov, N.J.; Dombrowski, F.; Lode, H.N.; Spasova, M.; lvanova, L.; Mumdjiev, |.; Burnusuzov, H.; Siebert,
N. First-line Anti-GD2 Therapy Combined With Consolidation Chemotherapy in 3 Patients With Newly
Diagnosed Metastatic Ewing Sarcoma or Ewing-like Sarcoma. J Pediatr Hematol Oncol 2022, 44, e948-
€953, d0i:10.1097/mph.0000000000002488.

Wellens, L.M.; Deken, M.M.; Sier, C.F.M.; Johnson, H.R.; de la Jara Ortiz, F.; Bhairosingh, S.S.; Houvast, R.D.;
Kholosy, W.M.; Baart, V.M.; Pieters, A., et al. Anti-GD2-IRDye800CW as a targeted probe for fluorescence-
guided surgery in neuroblastoma. Sci Rep 2020, 10, 17667, d0i:10.1038/s41598-020-74464-4.
Wingerter, A.; El Malki, K.; Sandhoff, R.; Seidmann, L.; Wagner, D.C.; Lehmann, N.; Vewinger, N.;
Frauenknecht, K.B.M.; Sommer, C.J.; Traub, F., et al. Exploiting Gangliosides for the Therapy of
Ewing’s Sarcoma and H3K27M-Mutant Diffuse Midline Glioma. Cancers (Basel) 2021, 13, doi:10.3390/
cancers13030520.

Human Protein Atlas. Availabe online: https://www.proteinatlas.org/ (accessed on 2 January 2023).



Evaluation of Potential Targets for Fluorescence-Guided Surgery in Pediatric Ewing Sarcoma: A Preclinical Proof-of-Concept Study

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Dekkers, J.F.;van Vliet, E.J.; Sachs, N.; Rosenbluth, J.M.; Kopper, O.; Rebel, H.G.; Wehrens, E.J.; Piani, C.;
Visvader, J.E.; Verissimo, C.S., et al. Long-term culture, genetic manipulation and xenotransplantation
of human normal and breast cancer organoids. Nat Protoc 2021, 16, 1936-1965, d0i:10.1038/s41596-020-
00474-1.

Sachs, N.;de Ligt, J.; Kopper, O.; Gogola, E.; Bounova, G.; Weeber, F.; Balgobind, A.V.; Wind, K.; Gracanin,
A.; Begthel, H., etal. A Living Biobank of Breast Cancer Organoids Captures Disease Heterogeneity. Cell
2018, 172, 373-386.€310, doi:10.1016/j.cell.2017.11.010.

Rijpkema, M.; Bos, D.L.; Cornelissen, A.S.; Franssen, G.M.; Goldenberg, D.M.; Oyen, W.J.; Boerman, O.C.
Optimization of Dual-Labeled Antibodies for Targeted Intraoperative Imaging of Tumors. Mol Imaging
2015, 14, 348-355.

Town, J.; Pais, H.; Harrison, S.; Stead, L.F.; Bataille, C.; Bunjobpol, W.; Zhang, J.; Rabbitts, T.H. Exploring
the surfaceome of Ewing sarcoma identifies a new and unique therapeutic target. Proc Natl Acad Sci U
SA2016,113,3603-3608, doi:10.1073/pnas.1521251113.

Sariola, H.; Teréva, H.; Rapola, J.; Saarinen, U.M. Cell-surface ganglioside GD2 in the immunohistochemical
detection and differential diagnosis of neuroblastoma. Am J Clin Pathol 1991, 96, 248-252, d0i:10.1093/
ajcp/96.2.248.

Poon, V.I.; Roth, M.; Piperdi, S.; Geller, D.; Gill, J.; Rudzinski, E.R.; Hawkins, D.S.; Gorlick, R. Ganglioside
GD2 expression is maintained upon recurrence in patients with osteosarcoma. Clin Sarcoma Res 2015,
5,4,d0i:10.1186/s13569-014-0020-9.

Vries, H.M.; Bekers, E.; van Oosterom, M.N.; Karakullukcu, M.B.; van, H.G.; Poel, D.; van Leeuwen, F.W.B.;
Buckle, T.; Brouwer, O.R. c-MET Receptor-Targeted Fluorescence on the Road to Image-Guided Surgery in
Penile Squamous Cell Carcinoma Patients. J Nucl Med 2022, 63, 51-56, d0i:10.2967/jnumed.120.261864.

Romero, L.A.; Hattori, T.; Ali, M.A.E.; Ketavarapu, G.; Koide, A.; Park, C.Y.; Koide, S. High-valency Anti-
CD99 Antibodies Toward the Treatment of T Cell Acute Lymphoblastic Leukemia. J Mol Biol 2022, 434,
167402, d0i:10.1016/j.jmb.2021.167402.

van Beurden, F.; van Willigen, D.M.; Vojnovic, B.; van Oosterom, M.N.; Brouwer, O.R.; der Poel, H.G.V.;
Kobayashi, H.; van Leeuwen, F.W.B.; Buckle, T. Multi-Wavelength Fluorescence in Image-Guided
Surgery, Clinical Feasibility and Future Perspectives. Mol Imaging 2020, 19, 1536012120962333,
doi:10.1177/1536012120962333.

Kersting, C.; Packeisen, J.; Leidinger, B.; Brandt, B.; von Wasielewski, R.; Winkelmann, W.; van Diest, P.J.;
Gosheger, G.; Buerger, H. Pitfalls inimmunohistochemical assessment of EGFR expression in soft tissue
sarcomas. J Clin Pathol 2006, 59, 585-590, d0i:10.1136/jcp.2005.028373.

Adams, E.J.; Green, J.A.; Clark, A.H.; Youngson, J.H. Comparison of different scoring systems for
immunohistochemical staining. J Clin Pathol 1999, 52, 75-77, d0i:10.1136/jcp.52.1.75.

Bankhead, P.; Loughrey, M.B.; Ferndndez, J.A.; Dombrowski, Y.; McArt, D.G.; Dunne, P.D.; McQuaid, S.;
Gray, R.T.; Murray, L.J.; Coleman, H.G., et al. QuPath: Open source software for digital pathology image
analysis. Sci Rep 2017, 7, 16878, d0i:10.1038/s41598-017-17204-5.

Rijs, Z.; Belt, E.; Kalisvaart, G.M.; Sier, C.F.M.; Kuppen, P.J.K.; Cleven, A.H.G.; Vahrmeijer, A.L.; van de
Sande, M.A.J.; van Driel, P. Immunohistochemical Evaluation of Candidate Biomarkers for Fluorescence-
Guided Surgery of Myxofibrosarcoma Using an Objective Scoring Method. Biomedicines 2023, 11,
doi:10.3390/biomedicines11030982.

Deng,Z.; Zhang, Q.; Hao, L.; Ding, Y.; Niu, X.; Liu, W. Accuracy of bony resection under computer-assisted
navigation for bone sarcomas around the knee. World J Surg Oncol 2023, 21, 187, d0i:10.1186/s12957-
023-03071-0.

137



Chapter 5

JOWNY |DWI04S |DUIISAIUI0IISDD = | S[9 ‘Z@D apisolbupbojpisig = zgo 03dada.
T 4103004 Yamoub axyij-ulnsuj = §1-49] T urd30.4d bujuipjuod-uipwop axij-uiqojbounwuwiy ‘pada. Yy audNST = T-Q9N|T TodA1 103da2a4 A apndadoinan = TA-4-AdN (HM-D
SD UMouyj 0S]b) /TT UOIIDIFUSIDYIQ JO 491SNJD = /TTAD ($8TQD SO UMouyf 0S]b)  3dA3 103da33. dUOWBYD J-X-D = $¥IXD ‘66 UOIIDIIUSIBYIC JO 123SN]D = 667D SUOIIDINIGQqY

pa1sa) 24om

sqejolg

SEICRNEINEY] 000T:T dA13R3I) pue
uadipue snolep pue 00T:T J3AI] pue Aaupiy ewojse|jqoinau pue ujesg  uaduiwieyd dd 84EH pueezoyT  |eUOjdOUOW SNON zao
AK3oj0uyda)
(e3e4319) mo] Hd 00€:T ums ejuLdeld 3ueudis|ad dXTd8€@  |euojdouow liqqey ¥T-491
(via3
/su1) ydiy Hd 08T 19A17 ulelg ews3is €99%.0VdH JeuopdAjod 3qqey T-O9NIT
(via3
/sul) ysiy Hd 08T JOAIT  BwWOUIDIBD }SEaIq pue ulelg wedqy 80TE8TAY JeuopAjodiiqgey  TA-¥-AdN
ua9)ds Isuoy
(vLa3 ‘moJsew auoq ‘ewoydwA)
/sul) ysiy Hd 09T J9AI uy8poH ‘snwAyl anbuep 190 ¥6£d3 Jeuojdouow asnop [29)®)
(via3
/sul)ydiyHd  asn o} Apeay J9AIT urys ‘uojod ‘1§19 ed197 0Td3  Jeuojpouow uqqgey JTTAD
(vLa3 uojod
/su1) y3iy Hd or'T BUON  pue 4dAl| ‘|Isu0) ‘sealdued RIE 19D  Jeuopouow iqgey 660D
Jayng jenaLnay uonnji@ )oJj3uo) annesSaN 1043U0) dA1ISOd Jainyoejnuep auo)d ?93inos  uasnuy

"UOI}EN|EAD |BDIWAYD0ISIYOUNWWI 10} PASN S3IPOqIIuY Y Xipuadde ajqeL

‘¥ xipuaddy

<
—

3



Evaluation of Potential Targets for Fluorescence-Guided Surgery in Pediatric Ewing Sarcoma: A Preclinical Proof-of-Concept Study

Appendix B.

Table appendix B. RNA expression data for CD99, CD117, and GD2.
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Appendix C.
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Figure C1. Astandard FlowJo data processing protocol was used for the gating strategy during the assess-
ment of CD99 expression. Briefly, unstained cells were used to distinguish cell debris from the cell population
(a), viable cells were selected (b), and doublets were removed (c). Finally, the population is displayed on a

Normalized to mode

»

Unstained
Isotype control (P3.6.2.8.1.-FITC)
CD99 antibody (3B2/TAS-FITC)

—— 3B2/TA8-FITC (anti-CD99)

Figure C2. CD99 expression was assessed with flow cytometry on SK-N-BE (A: CD99 negative, Neuroblas-
toma), BC 62T (B: CD99 positive, Breast cancer organoid), and Ewing Sarcoma cell lines A673 and RD-ES (C
and D). High CD99 expression was seen in both ES cell lines (C and D). Red line indicates the unstained cell
line, green line indicates the cell line incubated with an isotype control, and orange line indicates the cell
line incubated with the CD99 antibody.
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Figure C3. Astandard FlowJo data processing protocol was used for the gating strategy during the assess-
ment of CD117 expression. Briefly, unstained cells were used to distinguish cell debris from the cell population
(a), viable cells were selected (b), and doublets were removed (c). Finally, the population is displayed on a
histogram (d).
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Figure C4. CD117 expression was assessed with flow cytometry on BC 27T (A: CD117 negative, Breast cancer
organoid), BC62T (B: CD117 positive, Breast cancer organoid), and Ewing Sarcoma cell lines A673 and RD-ES
(Cand D). Low/moderate CD117 expression was seen in ES cell lines (C and D). Red line indicates the unstained
cell line, green line indicates the cell line incubated with an isotype control, and orange line indicates the
cell line incubated with the CD117 antibody.
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Figure C5. Astandard FlowJo data processing protocol was used for the gating strategy during the assess-
ment of GD2 expression. Briefly, unstained cells were used to distinguish cell debris from the cell population
(a), viable cells were selected (b), and doublets were removed (c). Finally, the population is displayed on a

histogram (d).
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Figure C6. GD2 expression was assessed on BC 27T (A: GD2 negative, Breast cancer organoid), KCNR (B:
GD2 positive, Neuroblastoma), and Ewing Sarcoma cell lines A673 and RD-ES (C and D). Low/moderate GD2
expression was seen in ES cell lines (C and D). Red line indicates the unstained cell line, green line indicates
the cell line incubated with an isotype control, and orange line indicates the cell line incubated with the

GD2 antibody.
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Abstract

Carbon-fiber (CF) plates are a promising alternative to metal plates. However, reported
experience in orthopedic oncology remains limited. The aim of this study was to identify
complications of patients with bone tumors treated with CF plates. Between February 2015
and May 2021, 13 centers retrospectively registered patients with bone tumors that were
reconstructed using CF plates. Complications were identified, and timing and etiology
of complications were noted. Similar complications were tabulated and classified based
on mechanical, non-mechanical and pediatric complications. Mechanical complications
included: (1) aseptic loosening or graft-host non-union, and (2) structural complications.
Non-mechanical complications included: (3) soft tissue complications, (4) infection and (5)
tumor progression. Specific pediatric complications included (6) growth arrest resulting in
longitudinal or angular deformity. Ninety-six patients were included with a median follow-up
time of 35 months. In total, 22 (23%) patients had complications. Mechanical complications
included: 1 (1%) aseptic loosening, 2 (2%) non-unions, and 7 (7%) structural complications.
Nonmechanical complications included 1 (1%) soft tissue complication, 4 (4%) infections and
5 (5%) tumor progressions. Pediatric complications occurred in 2 (2%) patients. This study
suggests CF plates are safe to use in demanding reconstructions after bone tumor resections,
presenting a seemingly low complication profile.
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Introduction

Metal has been the foundation of orthopedic implants. Advantages include high strength
and stiffness, ease of machining, and low cost[1]. Many metals also offer good ductility
allowing them to be manually bent intraoperatively to match the surface anatomy of the
bone or reconstruction [1,2]. However, a major disadvantage for the oncological patient is its
radiodensity which causes metal artifacts on radiographic imaging. This precludes accurate
radiographic visualization for oncological follow-up or bone union and impedes precise
radiation planning [3,4]. Besides, the stiffness of metal (200 gigapascal [GPa] for stainless
steel and 110 GPa for titanium) is much higher than the human cortical bone (12 GPa) which
may shield the underlying bone from stress and can lead to reduced bone quality [5,6]. Other
disadvantages of metal implants include limited fatigue life, potential for generation of wear
debris, cold welding, and corrosion [1,5,7]. Consequently, there is a demand for improved
orthopedic implants. Carbon-fiber (CF), reinforced with polyetheretherketone, is one of the
promising innovative implant materials in the field of orthopedic oncology. CF plates are
increasingly used and offer several benefits compared with metal. First, CF’s radiolucency
allows for precise radiation planning and better radiologic visualization of local tumor
recurrences and bone healing, thereby facilitating improved postoperative follow-up and
surveillance for oncological patients (Figure 1) [8-11]. Second, the modulus of elasticity of
CF (13 GPa) is closer to cortical bone (12GPa) [12]. Third, CF has the capability to withstand
prolonged fatigue strength compared with current metal plates [12]. Therefore, biomechanical
properties of CF should theoretically enhance bone healing and reduce complication risks.
Lastly, other material-specific advantages include easier implant removal due to the metallic
screws and polymeric plate (no cold welding) and the lack of metallic allergy [13]. Despite
these advantages, CF composites have shown brittle failure in tension and flexural tests [14].
When this occurs, the material breaks into multiple solid fragments instead of deforming
or straining under load. This was reported, under supra-physiological load in vitro, in 2 out
of 12 simulated comminute distal fibula fractures treated with CF plates [15]. Additionally,
intraoperative plate breakage occurred while inserting a screw to obtain fracture reduction by
tightening the plate to the bone in 3 out of 78 proximal humerus CF plates in non-oncological
patients [16]. Intraoperative plate breakage was also reported in 5 out of 110 distal radius
fractures treated with volar CF plates [13]. Regarding oncological patients, one CF plate failure
was reported 4 months after implantation in a 75-year-old patient with lymphoma, while the
postoperative course of 2 CF plates was uneventful (77-year-old male with prostatic carcinoma
metastasis in the humerus and 17-year-old patient with an intraosseous schwannoma in the
tibia with 6 and 8 months of follow-up, respectively) [17,18].

Although CF plates are increasingly used in fracture care, reported experience in orthopedic

oncology remains limited. Therefore, the purpose of this study was to identify complications
of patients with bone tumors treated with CF plates.
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Figure 1. Giant cell tumor in the right distal femur treated with bone cement during curettage using a metal
plate (a) and a carbon-fiber plate (b).

Materials and methods

This retrospective study is based on the experience of the “Carbon-Fiber International
Collaboration Initiative” research group which included 13 large academic and non-academic
hospitals from Europe, the Middle East, the United Kingdom, and the United States of America
(Figure 2). The study protocol was approved by the ethics committee Leiden (coordinating
center), and each of the participating centers’ institutional review board. Data exchange
agreements were signed before patientinclusion started. Due to the observational nature of
the study and with the aim to assess quality of the CF implants used, further ethical approval
including informed consent was waived by the Medical Ethics Review Committee Leiden
Den Haag Delft, reference G20.103. Data was collected through a centralized online Castor
electronic data capture database [19]. The coordinating center (Leiden University Medical
Center) had access to all data entered in Castor. All methods were performed in accordance
with relevant guidelines and regulations.
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rupsdion Tarna, ey

Figure 2. World map showing all 13 participating centers.

Participants and treatment details

Between February 2015 and May 2021, all sequential patients who received a CF plate were
retrospectively included by each participating center without age restriction. Patients who
received more than one CF plate during the same surgery were also included. Patients were
excluded in case of (1) a combination of CF plate fixation with another surgical procedure of
fixation such as intramedullary fixation, (2) non-malignancy, and (3) CF plate revisions. Only
the first surgery was included if a patient had more than one qualifying surgery during the
study period (Figure 3).
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Inclusion:

- Patients reconstructed with a carbon-fiber plate

- 13 participating centers

- Surgery between February 2015 and May 2021

- Impending or actual pathological fracture due to a bone tumor

\ 4 Exclusion:
- Carbon-fiber plate fixation combined with another surgical
Com:::ft‘eoz;) i »{ procedure of fixation such as intramedullary fixation (n=4)

- Non-malignancy (n=3)
- Carbon-fiber plate revision (n=1)

A

Included cohort
(n=96)

N
Complications:

- Mechanical complications

- Non-mechanical complications
- Paediatric complications

Figure 3. Flow diagram illustrating patient selection and outcomes.

The choice of treatment was made by shared decision making between the patient and
surgeon. In general, surgery was recommended to oncological patients with impending or
actual pathological fractures, mechanical axial loading pain, and no response to radiation
therapy or oral narcotic pain medication. The choice of using a CF plate instead of a
conventional metal plate was made by the operating surgeon. Length of the plates would not
have been different between CF plates or conventional metal plates. Good candidates for CF
plates were patients with standard anatomy because CF plates cannot easily be bend manually
to match surface anatomy of individual bones. Therefore, surgeons must ensure good implant
fit preoperatively. During this study, patients were treated with various FDA approved and
CE marked CF plates with locking screw options (manufactured by CarboFix Orthopaedics;
Herzeliya, Israel) (Figure 4). The surgical procedure, including positioning of the patient and
surgical approach, depended on the surgeon’s experience and preference. All oncological
patients were clinically and radiographically evaluated postoperatively after 6-months, 1-year,
and 2-years. Subsequent follow-up visits with radiographic evaluation were dependent on the
patient’s oncological status, and additional visits took place if needed. Patients were cleared
for radiation therapy or chemotherapy 7-10 days after the surgical procedure and all patients
adhered to weight bearing as tolerated after completion of surgery. The rate of loss to follow-
up was 1% (1/96) at 6-months, 2% (2/96) at 1-year, and 5% (5/96) at 2-year. Five patients were
lost to follow-up due to death of disease during the standard 2-year follow-up period. Follow-
up was verified until July 8, 2022.
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Figure 4. Intraoperative picture after midshaft resection of the left humerus and partial resection of the
triceps muscle due to an Ewing Sarcoma. Reconstruction was performed with a free vascularized fibula
graft and a carbon-fiber humerus plate (a). Postoperative anteroposterior X-rays of the same patient (b).

Variables and outcome measures

The following clinical variables were registered: sex; age; body mass index (BMI); smoking
status (non-smoker was defined as stopped at least 6 months ago); American Society of
Anesthesiologists (ASA) score; diagnosis/indication; tumor grade; preoperative chemotherapy;
preoperative radiotherapy; postoperative chemotherapy within 6 months of surgery;
postoperative radiotherapy within 6 months of surgery; date of surgery; surgical side;
pathological fracture; location of surgery; location of bone; use of autograft, allograft, or
cement; surgical margin; and type of CF plate.

Patients who had complications were identified, and timing and etiology of complications
were noted. Similar complications were tabulated and classified based on mechanical, non-
mechanical and pediatric complications. Mechanical complications included: (1) aseptic
loosening or graft-host non-union in case of a biological reconstruction, and (2) structural
complications such as periprosthetic fracture or plate breakage. Radiologic presence of
mature bridging bone at graft-host junction site was considered bony union (Figure 5). Any
patient failing to show bony union 1-year postoperatively or patients that required additional
surgery to achieve healing was defined as having a non-union. Non-mechanical complications
included: (3) soft tissue complications such as wound dehiscence, (4) infection and (5)
tumor progression. Specific pediatric complications included (6) growth arrest resulting in
longitudinal or angular deformity.
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Figure 5. Adamantinoma in the proximal tibia of a 10-year-old girl (a). Status after resection proximal tibia
and reconstruction with humerus allograft, fibula transfer and carbon-fiber plate. Allograft-host junction
healing at (a) 6 months, (b) 1-year, and (d) 2-years postoperatively. Additional surgery was performed to
treat the valgus leg axis with an eight-plate 21 months after initial surgery (d).

Statistical methods

Descriptive statistics were performed using SPSS v.24 (IBM Corp., Armonk, NY, USA). Baseline
characteristics and surgical variables were shown using frequencies (percentages for
categorical variables) and medians (interquartile ranges [IQR’s] for continuous variables as
they were not normally distributed based on histogram inspection).

Results

In total, 96 patients of which 59 female (61%) with a median age of 43 years (IQR; 19-54)
were included with a median follow-up of 35 months (IQR; 21-49). The three most common
indications included atypical cartilaginous tumors (34%), benign primary bone lesions (28%),
and osteosarcomas (12%). Most lesions were located in the femur (70%), followed by the
tibia (15%) and humerus (14%). The majority of surgical margins were intralesional (60%),
followed by wide margins (19%), marginal margins (13%), no resection (5%), and not reported
(3%). In total, 11 (12%) patients received an autograft, 43 (45%) received an allograft, and 43
(45%) received cement. Three (3%) patients received a diaphyseal and metaphyseal CF plate
combined during the same surgical procedure (Table 1).
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Table 1. Demographic features of included patients treated with carbon-fiber plates (n=96).

Baseline characteristics n (%)
Female 59 (61%)
Age (years; median with IQR) 43 (19-54)
BMI (kg/m??median with IQR) 24 (20 - 27)
Smoking status? 17 (18%)
ASA score?
12 81 (84%)
3-4 12 (13%)
Diagnosis/indication
Atypical cartilaginous tumors 33 (34%)
Benign primary bone lesions 27 (28%)
Osteosarcoma 11 (12%)
Adamantinoma 10 (10%)
Metastasis 7(7%)
Multiple myeloma 3(3%)
Soft-tissue sarcoma with bone invasion 3(3%)
Ewing Sarcoma 2 (2%)
Tumor grade? (excluded benign primary bone lesions®)
Low 44 (46%)
High 24 (25%)
Preoperative chemotherapy 17 (18%)
Preoperative radiotherapy to surgery site 4 (4%)
Postoperative chemotherapy 18 (19%)
Postoperative radiotherapy 7 (7%)
Surgical variables
Surgical side
Left 61 (64%)
Right 35 (36%)
Pathological fracture 14 (15%)
Location of surgery 67 (70%)
Femur 14 (15%)
Tibia 13 (14%)
Humerus 2 (2%)
Radius
Location of bone 39 (41%)
Diaphyseal 38 (40%)
Metaphyseal 6 (6%)
Epiphyseal 7 (7%)
Diaphyseal and Metaphysial combined® 6 (6%)
Metadiaphyseal and Epiphyseal combined
Cement 43 (45%)
Allograft 43 (45%)
Autograft 11 (12%)
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Table 1. Demographic features of included patients treated with carbon-fiber plates (n=96). (continued)

Baseline characteristics n (%)

Type of carbon-fiber plate 42 (44%)
Femoral condyle plate 22 (23%)
Diaphyseal broad femur plate 3(3%)
Femoral condyle and diaphyseal broad plate combined? 4 (4%)
Diaphyseal narrow femur plate 23 (24%)
Proximal humerus plate 2 (2%)

Distal radius plate

Surgical margin?

Intralesional 58 (60%)
Marginal 12 (13%)
Wide 18 (19%)
No resection 5 (5%)

IQR= Interquartile range; ASA= American Society of Anesthesiologists; BMI=Body Mass Index.

a Missing data was present in BMI for 14/96 (15%); smoking status 13/96 (13%); ASA-score 3/96 (3%); Tumor
grade 1/96 (1%); and surgical margin 3/96 (3%).

b Stage (latent, active, aggressive) of benign bone lesions was not reported.

¢ Three patients received a diaphyseal and metaphyseal plate combined during the same surgical procedure.
Therefore, a total of 99 plates were placed in 96 patients.

d Type of carbon-fiber plate can be different to “location of surgery”. For example, proximal humerus plates
were used for lesions in the tibia (predominantly children) because carbon-fiber tibia plates were not yet
available (FDA approved since October 2020).

In total, 22 (23%) patients endured complications (Table 2). Mechanical complications
included 1 patient with aseptic loosening of the CF plate after 20 months, and 2 non-unions
after biological reconstruction with an allograft (20 and 28 months postoperative). Structural
complications occurred in 7 patients. These complications included 2 periprosthetic fractures
(1 and 3 months postoperative), 1 traumatic proximal humerus plate breakage (14-year-old
male fell off his bike 28 months after surgery) and 2 femoral condyle plate breakages without
clear trauma (75-year-old female 5 months postoperative “stood up from bed”, and 19-year-old
male 2 months postoperative “while getting dressed”) (Figure 6). In these cases, full weight
bearing with incomplete bone healing and malalignment of the reconstruction was considered
the cause of plate breakage. Further structural complications included 1 screw breakage (9
months postoperative), and 1 screw backing out (2 months postoperative). Non-mechanical
complications included 1 patient with wound dehiscence within a month after surgery (this
patient received preoperative radiotherapy with a total dose of 50 gray), 4 infections (less
than a month, 1, 6 and 10 months postoperative); and 5 tumor progressions which lead to
a transfemoral amputation in one case (5, 7, 17, 20 and 31 months postoperative). Specific
pediatric complications occurred in 2 patients in which eight-plates were placed to treat
valgus deformations (21 and 28 months postoperative). Interestingly, almost all mechanical
complications, except for a traumatic humerus plate breakage, occurred in CF plates placed
in the lower extremity. Non-mechanical complications were equally distributed between the
upper- and lower extremity, and pediatric complications occurred in the lower extremity.
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Besides, 5 of the CF plates were removed due to irritation/pain at the site of the implant after
complete bone healing (after 12, 20, 21, 36, and 40 months).

Figure 6. Carbon-fiber plate after pathological fracture of the left distal femur due to a diffuse large B-cell
lymphoma (a). Plate breakage, exactly at the location of the pathological fracture at 5 months after surgery
(b). Status after revision with a conventional retrograde femoral nail (c). Pseudoarthrosis remained, and this
patient died of disease 1-year after the carbon-fiber plate revision with a conventional retrograde femoral
nail. In general, an intramedullary osteosynthesis of lower extremity pathological fractures is preferred
because steel plates are expected to break when fracture healing is not achieved.
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Table 2. Complications of patients with bone tumors treated with carbon-fiber plates.

Time to Etiology

complication

(in months)
Mechanical complications
(1) Aseptic loosening or non- 20 1 (1%) Aseptic loosening for which the CF plate
union in case of a biological 20,28 was removed.

reconstruction

(2) Structural complications

2 (2%) Non-unions after reconstruction with an
allograft. CF plate still in situ for both cases.

1,3 2 (2%) Periprosthetic fractures without clear
28 mechanism. CF plate was still in situ for both, one
2,5 patient died.

1 (1%) One traumatic plate breakage (14-year-old
9 male fell off his bike).
2 2 (2%) Plate breakages without clear trauma. Full

weight bearing with incomplete bone healing and
malalignment of the reconstruction identified as
cause of plate breakage. CF plates were removed.
1 (1%) Screw breakage. CF plate still in situ.

1 (1%) Screw backed out and was removed
without any difficulty. CF plate remained in situ.

Non-mechanical complications

(3) Soft tissue complications

(4) Infection

(5) Tumor progression

0 1 (1%) Wound dehiscence after preoperative
radiotherapy (total dose 50 gray) requiring
irrigation and removal of the CF plate.

0,1,6,10 4 (4%) infections: Two infections resulted in
removal of the CF plate. The other two patients
were successfully treated with debridement and
long-lasting antibiotics.

5,7,17,20,31  5(5%) Tumor progression: Two local recurrences
resulted in CF plate removal, one of those
patients was treated with a transfemoral
amputation. Two other patients died of disease
with the CF plate in situ and one local recurrence
was successfully treated with thermoablation.

Pediatric complications

(6) Growth arrest resulting
in longitudinal or angular
deformity

21,28 2 (2%) Angular deformities. Both patients were
treated with an eight-plate on the medial side
of the proximal tibia for a valgus leg axis after
resection of an adamantinoma. CF plates are still
insitu.

Abbreviations: CF = Carbon-fiber
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Discussion

Although CF plates are already used worldwide, reported experience in orthopedic oncology
remains limited. Describing complications of patients with bone tumors treated with CF plates
offers valuable information for orthopedic oncologists that may want to use CF plates. This
international multicenter study evaluated 96 patients with bone tumors treated with CF plates.
During the study period with a median follow-up of 35 months (IQR; 21-49), 22 (23%) patients
were reported to have complications, which suggests CF plates are safe to use in patients with
bone tumors that often require demanding reconstructions. Particularly the low percentage of
nun-unions (2%) with high percentages of biological reconstructions (12% autograft and 45%
allograft) are promising. To date, this is the largest CF plates cohort reporting on complications
in an oncologic population.

The major disadvantage of CF plates is its inability to be manually bent to match surface
anatomy of individual bones. Therefore, surgeons must ensure good implant fit preoperatively.
CF plates could not be used during all reconstructive surgeries due to unique anatomy or
complex mechanical problems. For some complex cases, conventional metal implants that can
be bend, customizable orthopedic implants, or patient specificimplants that can better match
the reconstructed anatomy may be preferred [20]. However, patient specific implants are a
time-consuming alternative, and it is still uncertain whether the theoretical biomechanical
advantages carry true advantages in surgical outcomes when compared to standard
procedures [20,21]. Secondly, while CF plate’s radiolucency is beneficial for postoperative
radiological imaging, determining the optimal plate position can be challenging. Thirdly,
production costs and availability could be another disadvantage. However, CF reinforced
composites have become more competitive and are widely used across industries like
aerospace, wind energy, and automotive [22]. As a result, production costs have decreased,
and the costs of CF plates are currently competitive with conventional metal plates.

Although study groups and surgical procedure are not always comparable, it may be noted
that our study provides relatively low non-union rates (2%), even with a high percentage of
biological reconstructions (12% autograft and 45% allograft). Wisanuyotin et al. reported
30% nonunion (mean time to union of 9.8 + 2.9 months) for nonvascularized autograft (NA),
and 32% nonunion (mean time to union of 11.5 + 2.8 months) for allografts after resection
and reconstruction of primary bone tumors [23]. In addition, Buecker et al. reported that
locking plates for allograft-host junction fixation were associated with improved union rates
compared with standard plates (75% union at an average of 13 months versus 56% at an
average of 14 months, respectively) [24]. Moreover, the total rate of CF plate complications
(23%) was low compared to conventional metal plate studies (complication range 42-76%
with follow-up range of 35-112 months) [25-28]. When comparing our results with CF plates
placed for trauma patients, we reported 12 (18%) CF femoral plate failures while Byun et al.
and Mitchell et al. reported none (0%) and 1 (9%) failure in respectively 10 and 11 patients
treated with CF femoral plates [29,30]. Although the number of failures is currently too small
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to identify risk factors for plate complications, higher complication rates can be expected with
more extensive treatment such as chemo- and/or radiotherapy and more complex surgery
with auto-/allografts [27].

This study has several limitations. First, this remains a single-arm retrospective international
multicenter study with inherent limitations associated with such a study design, including
the lack of a comparison group and reliance on chart abstraction. As a result, our study was
prone to selection bias. However, participating centers were asked to sequentially include
patients according to a standard inclusion protocol. Centers were regularly contacted by
the coordinating center to elaborate on cases if there were any questions, ambiguities, or
missing data. Nevertheless, the authors acknowledge that the most scientifically robust study
design to assess the added value of CF plates is a randomized controlled trial with clinical-,
radiological-, and functional outcomes as primary endpoints. However, patients with bone
tumors in this group were heterogeneous in terms of baseline characteristics and surgical
variables. Therefore, acquiring a matching control group would be difficult and we recommend
propensity score matching as the next best step for future research. Second, performance bias
could have occurred because the surgical procedure and postoperative management also
depended on the surgeon’s experience and preference. Yet, no major differences in treatment
outcomes between participating centers were observed.

Conclusion

Carbon-fiber (CF) implants offer several material specific benefits compared to the more
common metal implants. To assess safety of CF plates, we performed an international
multicenter study describing all complications occurring in orthopedic oncology patients that
were treated with CF plates. Low complication rates are reported, and complications originated
mainly from disease progression or infection. Although based on a very heterogenous
retrospective multicenter database our results suggests that orthopedic oncologists may
safely use CF plates in demanding reconstructions after bone tumor resections. However,
studies of randomized or matched comparative nature are needed to assess the added clinical
value of theoretical benefits of CF plates, such as precise radiation planning, improved bone
healing, radiographic visualization of local recurrences and union.
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Chapter 7

Abstract

Background

Carbon-fiber (CF) plates are increasingly used for fracture fixation. This systematic review
evaluated complications associated with CF plate fixation. It also compared outcomes of
patients treated with CF plates versus metal plates, aiming to determine if CF plates offered
comparable results. The study hypothesized that CF plates display similar complication rates
and clinical outcomes as metal plates for fracture fixation.

Methods

The study adhered to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
guidelines. The following databases were searched from database inception until June 2023:
PubMed, MEDLINE, Embase, Web of Science, Cochrane Library, Emcare, Academic Search
Premier and Google Scholar. Studies reporting on clinical and radiological outcomes of
patients treated with CF plates for traumatic fractures and (impending) pathological fractures
were included. Study quality was assessed, and complications were documented as number
and percentage per anatomic region.

Results

A total of 27 studies of moderate to very low quality of evidence were included. Of these, 22
studies (800 patients, median follow-up12 months) focused on traumatic fractures, and 5
studies (102 patients, median follow-up 12 months) on (impending) pathological fractures. A
total of 11 studies (497 patients, median follow-up 16 months) compared CF plates with metal
plates. Regarding traumatic fractures, the following complications were mostly reported: soft
tissue complications (52 out of 391; 13%) for the humerus, structural complications (6 out of
291; 2%) for the distal radius, nonunion and structural complication (1 out of 34; 3%) for the
femur, and infection (4 out of 104; 4%) for the ankle. For (impending) pathological fractures, the
most frequently reported complications were reinfections (2 out of 14; 14%) for the humerus
and structural complication (6 out of 86; 7%) for the femur/tibia. Comparative studies reported
mixed results, although the majority (7 out of 11; 64%) reported no significant differences in
clinical or radiological outcomes between patients treated with CF or metal plates.

Conclusion

This systematic review did not reveal a concerning number of complications related to CF plate
fixation. Comparative studies showed no significant differences between CF plates and metal
plates for traumatic fracture fixation. Therefore, CF plates appear to be a viable alternative to
metal plates. However, high-quality randomized controlled trials (RCTs) with long-term follow-
up are strongly recommended to provide additional evidence supporting the use of CF plates.
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Introduction

Carbon-fiber (CF) plates, reinforced with polyetheretherketone, have gained increasing interest
due to potential advantages compared to metal plates. For instance, CF plates offer radiolucency,
which enables better radiographic visualization of postoperative fracture reduction, bone
healing, and surveillance of tumor recurrence for oncological patients [1-4]. Furthermore, the
absence of metallic artifacts allows for precise radiotherapy planning and accurate delivery after
placement of CF implants [5-7]. Another advantage specific to CF plates may be reduced stress
shielding, as their modulus of elasticity closely matches that of cortical bone; 13 gigapascal (GPa)
for CF vs 12 GPa for cortical bone [8]. Additionally, in-vitro studies on CF plates have demonstrated
superior fatigue strength compared to current metal plates, this may potentially enhance bone
healing and reduce the risk of complications [8,9]. Finally, cold welding does not occur in CF plate
constructs, which would facilitate easy implant removal [10].

Despite the increasing use of CF plates for fixating traumatic and (impending) pathological
fractures, reported experience in the literature remains limited. Previous systematic reviews
have primarily focused on comparative studies or specifically examined traumatic distal
radius fracture fixation with CF plates [11-13]. In these studies, CF plates were considered
as a valid alternative due to comparable results to metal plates [11-13]. However, cohort
studies and case reports have identified several disadvantages associated with CF plates
that were not mentioned in the afore mentioned systematic reviews. Drawbacks include the
inability to deform the plate, plate breakage without clear trauma, and brittleness when plate
breakage occurs [14-17]. Conducting a systematic review that includes all relevant existing
evidence would provide a comprehensive overview and is crucial for assessing the safety
and effectiveness of CF plates. Therefore, the aim of this systematic review was to evaluate
complications associated with CF plate fixation for traumatic and (impending) fracture fixation.
It also compared outcomes of patients treated with CF plates compared to metal plates, aiming
to determine if CF plates offered comparable results. Based on the aforementioned systematic
reviews, this study hypothesized that CF plates display similar complication rates and clinical
outcomes as metal plates for (pathological) fracture fixation.

Methods

Search strategy and study selection

This systematic review was conducted in accordance with the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines and followed a pre-registered
PROSPERO protocol (CRD42021254603) [18]. A medical librarian assisted in developing
the search strategy, which was based on the following PICO (population, intervention,
comparison, outcome) algorithm: P = Patients with traumatic or (impending) pathological
fractures, | = CF plate fixation, C = No specific controls or patients treated with metal plates,
and O =radiological and/or clinical outcomes (including complications). Ultimately, the search
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was divided into two parts: (1) CF plates used for traumatic fractures and (2) CF plates used for
(impending) pathological fractures. The search contained keywords related to “carbon-fiber”
and “fracture” for traumatic fractures, and “carbon-fiber” and “bone tumor” for (impending)
pathological fractures (Appendix A). The following databases were reviewed from database
inception up to June 2023: PubMed, MEDLINE, Embase, Web of Science, Cochrane Library,
Emcare, Academic Search Premier and Google Scholar.

Eligibility criteria

Eligible study designs included randomized controlled trials (RCT’s), cohort studies (with
prospective and retrospective designs), case-control studies, cross-sectional studies, and
case reports. Studies were included if they involved patients with traumatic or (impending)
pathological fractures fixated with CF plates. Excluded were meeting abstracts, reviews,
editorials, commentaries, surveys, animal-only, in-vitro, cadaver, or biomechanical studies.
No filters or other constraints were used in the database search.

Study selection

After the retrieval of eligible studies, duplicates were removed. Out of the initial pool of 808
traumatic fracture records and 223 oncologic (bone tumor) records, a total of 335 studies on
trauma fractures and 116 studies on (impending) pathological fractures remained. Abstracts
were obtained and evaluated. Preliminary screening of titles and abstracts led to the exclusion
of 311 studies for trauma fractures and 109 studies for (impending) pathological fractures.
Subsequently, the full text of 24 studies on trauma fractures were reviewed, and two of them
were excluded because a more recent third study used the same patient database. Similarly,
two of the seven studies concerning (impending) pathological fractures were excluded after
full text screening; one due to irrelevant outcome measurements and one because the same
patient had been included in a more recent study (Figure 1).
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Figure 1. PRISMA flow diagram of the study. Abbreviations: CF = Carbon-fiber.

Quality assessment

Methodological quality assessment varied based on the study design. According to the
Cochrane Handbook guidelines, the Risk of Bias Il (RoB 2) tool was applied for RCT’s, the
Risk of Bias in Nonrandomized Studies of Intervention (ROBINS-I) tool for non-RCT’s, and the
Joanna Briggs Institute Checklist for case reports [19-21]. With the aid of these tools, various
forms of bias were evaluated, including confounding bias, selection bias, bias in classification
of intervention, bias due to deviations from intended interventions, bias due to missing
data, bias in measurement of outcome, and bias in selection of the reported results [19-21].
In addition, the Grading of Recommendations Assessment, Development and Evaluation
(GRADE) approach was utilized to grade quality of evidence, which isimportant for assessing
appropriateness and trustworthiness of recommendations done in the evaluated studies
[22]. Within GRADE the following quality of evidence options are possible: high, moderate,
low, and very low. Randomized trials were initially rated high, observational studies low,
and other levels of evidence very low. However, high quality evidence was downgraded if
methodological flaws exist, and low quality evidence could be upgraded when large effect
sizes exist. Three reviewers (Z.R., A.W., S.D.) independently assessed the risk of bias for the
included studies, discrepancies were discussed, and the senior author (M.v.d.S.) was consulted
in case of persistent disagreement.
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Data extraction

Astandard data extraction form was used to collect relevant data from the included studies.
The extraction form captured study characteristics (author’s, year of publication, country,
setting, title, number of included patients, and level of evidence), patient characteristics (age,
sex, smoking, body mass index (BMI), ASA classification, comorbidities, indication for CF plate
fixation, and number of patients that received a CF plate), and outcomes (complications, union,
clinical, radiological, and patient reported outcomes, as well as the duration of follow-up) [23].

Data analysis

To summarize the findings in a quantitative form, complications were subdivided per
anatomical region, and presented separately for the upper and lower extremities, considering
complications might depend on mechanical loading [24,25]. Descriptive statistics were
performed using SPSSv.24 (IBM Corp., Armonk, NY, USA). Demographics of allincluded studies
were shown using medians for continuous variables as demographic data contained outliers
and skewed data due to the inclusion of case reports.

Results

Study characteristics

A total of 22 studies involving 800 patients with trauma fractures (median follow-up 12
months), and 5 studies involving 102 patients (median follow-up 12 months) with (impending)
pathological fractures were included in the systematic review. Among them, 11 studies (497
patients, median follow-up 12 months), including three RCT’s, compared CF plates with metal
plates for trauma fractures (Table 1).

Table 1. Demographics of all included studies (n=27); for trauma fractures (n=22), of which 11 were
comparative, and (impending) pathological fractures (n=5).

Parameter Median (range) [ % (n)
Trauma fracture studies (n=22; 800 patients)

Number of patients 31(1-160)
Patient age in years 58 (18 -94)
Percentage of patient who were woman 66% (393)
BMIin kg/m?* 28 (16 - 44)
Follow-up in months * 12 (1-48)
(impending) pathological fracture studies (n=5; 102 patients)
Number of patients 2(1-96)
Patient age in years 30(2-77)
Percentage of patient who were woman 61% (62)
BMIin kg/m?* 24 (20 - 27)
Follow-up in months * 12 (6-35)
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Table 1. Demographics of all included studies (n=27); for trauma fractures (n=22), of which 11 were
comparative, and (impending) pathological fractures (n=>5). (continued)

Parameter Median (range) [ % (n)
Comparative studies (n=11; 497 patients)

Number of patients 42 (22-87)

Patient age in years 59 (18 - 89)

Percentage of patient who were woman 64% (317)

BMlin kg/m?* 27 (19 -48)

Follow-up in months * 16 (2-36)

*Not reported in all included studies.
Abbreviations: BMI=body mass index; kg/m2 = kilograms per square meter.

Study quality

The overall quality assessment score for RCT’s, according to RoB 2 tool was “some concerns”
forallincluded RCT’s (n=3; Table 2). The ROBINS-I criteria score for non-comparative studies
ranged from low to moderate (n=19; Table 3), and the mean score for case reports was 6/8
(n=5; Table 4). Following the GRADE approach, randomized trials were initially rated with a
high certainty of evidence. However, due to the risk of bias of the included RCT’s, scores were
lowered in their certainty of evidence to moderate (Table 5). Observational studies and case
reports were rated as with a low or very low certainty of evidence (Table 5). Consequently,
recommendations of using CF plates for fixating fractures should be done with caution.

Table 2. Risk of Bias Il (RoB 2) tool for RCT’s. Scoring: low risk, some concerns or high risk.

Fracture Randomization Deviations Missing Measurements Selection Overall
studies  process from outcome of the of the bias
intended data outcome reported judgement
interventions results
Perugia Low Low Low Low Some Some
[26] concerns  concerns
Ziegler Some concerns Low Some Low Some Some
[27] concerns concerns  concerns
Berger- Low Low Low Low Some Some
Groch concerns  concerns
[28]
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Table 4. Joanna Briggs Institute Critical Appraisal Checklist for Case Reports (n=5).

Fracture Tumor
JBI checklist questions Mellon [46] Laux[47] Barnds[48] Zoccali[49] Yeung[50]
1. Were patient’s demographic Yes Yes Yes Yes Yes
characteristics clearly described?
2. Was the patient’s history clearly No No Yes No Yes
described and presented as a
timeline?
3. Was the current clinical condition  Yes Yes Yes Yes Yes
of the patient on presentation clearly
described?
4. Were diagnostic tests or Yes Yes Yes Yes Yes
assessment methods and the results
clearly described?
5. Was the intervention(s) or No No Yes Yes No
treatment procedure(s) clearly
described?
6. Was the post-intervention clinical ~ Yes Yes Yes Yes Yes
condition clearly described?
7. Were adverse events (harms) or Yes Yes Yes Yes Yes
unanticipated events identified and
described?
8. Does the case report provide Yes Yes No No No
takeaway lessons?
Overall appraisal Included Included Included Included Included

Scoring: yes, no, unclear or not applicable.
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Table 5. Reported complications.

Trauma fracture fixation

Study Study design Levelof Qualityof Number Age** Gender

evidence evidence of

(GRADE) patients*

Dey Hazra [43] RCS 11 Moderate 65(30CF) 61 22/30 Female
Katthagen [39] PCS 11 Low 42 (21CF) 67 14/21 Female
Kimmeyer [45] RCS 1 Low 98 66 74/98 Female
Padolino [41] RCS 1 Low 42 (21CF) 57 12/21 Female
Rotini [16] PCaS 1 Low 160 64 19/160 Female
Schliemann [37] RCS 1 Low 58 (29CF) 66 22/29 Female
Ziegler [27] RCT 1l Moderate 63(32CF) 62 26/32 Female
Allemann [32] RCaS I\ Low 10 53 4/10 Female
Behrendt [44] PCS 11 Low 26 (14CF) 57 11/14 Female
Berger-Groch [28]  RCT 1l Moderate 31(16CF) 59 10/16 Female
Di Maggio [30] RCaS I\ Low 64 57 38/64 Female
Paracuollo [34] RCaS I\ Low 40 62 22/40 Female
Perugia [26] RCT 1l Moderate 30(15CF) 57 10/15 Female
Tarallo [10] RCaS I\ Low 110 58 77/110 Female
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Anatomic Indication Follow up (in Complications
region of the months)
plate
Proximal Proximal 32 Structural complication (CF n=1 vs titanium
humerus humeral fracture n=1);
Soft tissue complication (CF n=2 vs titanium
n=0); Humeral head necrosis (CF n=0 vs titanium
n=3)
Proximal Proximal 12 Soft tissue complications (CF n=4 vs titanium
humerus humeral fracture n=0)
Proximal Proximal 28 Avascular necrosis (n=12); head shaft
humerus humeral fracture malreduction (n=12); soft tissue complications
(n=T); structural complications (n=5); tuberosity
malreduction (n=5); malreduction of the
fracture (n=3); tuberosity resorption/dislocation
(n=2), secondary glenohumeral osteoarthritis
(n=2); infection (n=1)
Proximal Proximal 31 Structural complication (CF n=2 vs titanium
humerus humeral fracture n=0); Humeral head necrosis (CF n=1 vs titanium
n=1); Tuberosity resorption (>50%; CF n=3 vs
titanium n=9); Varus/valgus malalignment (CF
n=2 vs titanium n=0)
Proximal Proximal 24 Structural complication (n=15); Soft tissue
humerus humeral fracture complication (n=39); Humeral head necrosis
(n=13); Reduction loss/tuberosity dislocation
(n=7); Nonunion (n=2)
Proximal Proximal 24 Humeral head necrosis (CF n=1 vs metal n=3);
humerus humeral fracture Varus malalignment (CF n=4 vs metal n=7)
Proximal Proximal 6 None
humerus humeral fracture
Distal radius Distal radius 12 None
fracture
Distal radius Distal radius 2 None
fracture
Distal radius Distal radius 36 Soft tissue complications (CF n=1 vs titanium
fracture n=2)
Distal radius Distal radius 12 None
fracture
Distal radius Distal radius 12 None
fracture
Distal radius Distal radius 16 None
fracture
Distal radius Distal radius 48 Structural complication (n=5); Soft tissue
fracture complication (n=3); Infection (n=1)
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Table 5. Reported complications. (continued)

Trauma fracture fixation

Study Study design Levelof Qualityof Number Age** Gender

evidence evidence of

(GRADE) patients*

Guzzini [33] PCaS 1 Low 22 51 14/22 Female
Baker [29] RCasS \% Low 12 78 Not reported
Byun [42] RCS 1 Low 31(10CF) 50 3/10 Female
Mellon [46] CR I\ Very low 1 64 1/1 Female
Mitchell [40] RCS 1 Low 22(11CF) 72 8/11 Female
Caforio [35] PCaS I\ Low 27 57 13/27 Female
Guzzini [38] PCS 1 Low 87 (47CF) 57 32/46 Female
Pinter [31] RCaS I\ Low 30 47 18/30 Female

(Impending) pathological fracture fixation

Laux [47] CR I\ Very low 2 77 2/2 Male
Zoccali [49] CR \% Very low 1 3 1/1 Female
Yeung [50] CR I\ Very low 2 60 2/2 Female
Rijs [36] RCaS I\ Low 96 43 59/96 Female
Barnds [48] CR v Very low 1 9 1/1 Male

*Number of patients treated with carbon-fiber plates between brackets; **Mean or median age (as reported
in the study). Abbreviations: THA = Total Hip Arthroplasty; CF = Carbon-Fiber; RCS = Retrospective Cohort
Study; RCaS = Retrospective Case Study; PCS = Prospective Cohort Study; PCaS = Prospective Case Study;
CR = Case report(s); RCT = Randomized Controlled Trial.
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Anatomic Indication Follow up (in Complications
region of the months)
plate
Distal radius Distal radius 12 Soft tissue complication (n=1)
fracture
Proximal femur THA Notreported  Nonunion (n=1)
periprosthetic
fracture
Distal femur Distal femur 6 None
fracture
Distal femur Distal femur 1 Structural complication (n=1)
fracture
Distal femur Distal femur 12 Structural complications (CF n=0 vs stainless
fracture steel n=4); Nonunion (CF n=1 vs stainless steel
n=4)
Distal fibula+  Ankle fracture 4 Soft tissue complication (n=1)
distal tibia
Distal fibula+  Ankle fracture 24 Infection (CF n=3 vs stainless steel n=4)
distal tibia
Distal fibula Unstable lateral 20 Soft tissue complication (n=1); Infection (n=1);
malleolus Nonunion (n=1)
fracture
Humerus and Pathological 6and 8 None
tibia fracture and
prophylactic
plate after
curettage
Femur Plate 12 None
fixation after
reconstruction
Femur Plate 12 and 15 None
fixation after
reconstruction
Femur (n=67), (Impending) 35 Structural complication (n=7); Infection
tibia (n=14), pathological (n=4); Soft tissue complication (n=1); Tumor
humerus fractures progression (n=5); Aseptic loosening (n=1);
(n=13), and and plate Nonunion (n=2); Angular deformation (n=2)
radius (n=2) fixation after
reconstructions
Tibia Plate 3 Structural complication (n=1)

fixation after
reconstruction
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Reported complications after CF plate fixation for trauma fractures

In the upper extremity, seven studies evaluated CF plate fixation after traumatic proximal
humerus fractures, involving a total of 391 patients [16,27,37,39,41,43,45]. The most frequently
reported complications were soft tissue complications (n=52; 13%), including impingement
between plate and acromion (n=18), rotator cuff lesions (n=18), adhesive capsulitis/shoulder
stiffness (n=15), and an intra-articular bicep tendon rupture (n=1). Avascular humeral
head necrosis/collapse was also frequently reported (n=27; 7%). In addition, structural
complications were frequently observed (n=23; 6%), which consisted of secondary screw
perforation (n=12), screws backing out (n=5), plate breakages (n=4), and malpositioning of the
plate (n=2). Furthermore, secondary loss of reduction or resorption (>50%) of tuberosity (n=17;
4%), varus/valgus malalignment (n=6; 2%), head shaft malreduction (n=12; 3%), malreduction
of the fracture (n=3; 1%), nonunions (n=2; 1%), secondary glenohumeral osteoarthritis (n=2;
1%), and an infection (n=1; <1%) were documented as unfavorable events. Eight studies
reported on traumatic distal radius fractures, with a total of 291 patients [10,26,28,30,32-
34,44]. Complications for this group included structural complications (n=6; 2%), soft tissue
complications (n=5; 2%), and an infection (n=1; <1%),.

Regarding the lower extremity, four studies assessed traumatic femur fracture fixations with
CF plates, encompassing a total of 34 patients [29,40,42,46]. Complications observed in this
group included one nonunion (n=1; 3%), and one structural complication (plate breakage, n=1;
3%). Furthermore, three studies evaluated ankle fractures treated with CF plates [31,35,38],
involving 104 patients in total. The most frequently reported complications included infections
(n=4; 4%), soft tissue complication (n=2; 2%), and one nonunion (n=1; 1%) (Table 5).

Reported complications after CF plate fixation for (impending) pathological fractures
In the upper extremity, two studies evaluated pathological fractures involving 14 humerus and
2 distal radius CF plates [36,47]. Most frequently reported humerus complications included
infections (n=2; 14%), a structural complication (traumatic plate breakage, n=1; 7%), and a
tumor progression (n=1; 7%) for which the plate was removed. No complications were reported
for the 2 distal radius CF plates.

Regarding the lower extremity, five studies encompassing a total of 86 patients investigated
femoral- and/or tibial (impending) pathological fractures [36,47-50]. Complications included
structural failures (n=6; 7%), consisting of plate breakages without clear trauma (n=2),
periprosthetic fractures (n=2), screw breakage (n=1), and screw backing out (n=1). Additionally,
documented complications consisted of tumor progressions (n=5; 6%), infections (n=4; 5%),
nonunion (n=3; 4%), aseptic loosening (n=2; 3%), pediatric complications (valgus deformations
treated with eight-plates, n=2; 3%), and a soft tissue complication (wound dehiscence after
radiotherapy treatment, n=1; 2%) (Table 5).
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Studies comparing CF plates with metal plates

Eleven studies have compared CF plates to metal plates, all focusing on traumatic fractures
[26-28,37-44]. Among these studies, three were RCTs and the remaining eight were prospective
(n=4) or retrospective (n=4) comparative studies. This study hypothesized that CF plates
display similar complication rates and clinical outcomes as metal plates for fracture fixation.

In the upper extremity, five studies examined CF plates compared to metal plates for humerus
fractures. Firstly, Dey Hazra et al. conducted a retrospective study comparing range of motion
after 2 years after fixation using CF plates (n=30) or titanium plates (n=35) [43]. The CF group
demonstrated significantly improved forward flexion, internal rotation, and abduction
compared to the titanium group, with similar patient reported outcomes. Secondly, Katthagen
et al. prospectively enrolled 21 CF treated patients and matched them with 21 titanium
treated patients [39]. Although functional outcomes were comparable after 12 months, the
titanium group required more revisions due to screw perforations (5 vs 0; p=0.048). Thirdly,
Schliemann et al. conducted a prospective study comparing clinical and radiographic results
of CF treated patients (n=29) to those treated with metal locking plates (n=29) [37]. After 2
years, patients treated with CF plates achieved significantly better Constant Murley and Oxford
Shoulder scores (p=0.038 and 0.029, respectively), with fewer cases with loss of reduction
or varus deformity in the CF group. Fourthly, Padolino et al. conducted a retrospective
study comparing clinical and radiographic outcomes of CF treated patients (n=21) to those
treated with titanium plates (n=21) [41]. Shoulder mobility, clinical- and pain scores were
similar in both patient groups after 2-years, while cortical thinning was significantly greater
in the CF group (p=0.0003). Besides, the metal group exhibited a significantly higher rate of
tuberosity resorption (p=0.040). Lastly, Ziegler et al. performed an RCT comparing CF plates
(n=32) with titanium plates (n=31), but reported no clinical or radiological differences after
6-months follow-up [27]. For distal radius fractures, three comparative studies consistently
demonstrated similar clinical and radiological outcomes during follow-up evaluations
spanning 2 weeks to 3 years [26,28,44].

In the lower extremity, two studies evaluated CF and metal plates for distal femur fractures.
Mitchell et al. compared CF plates (n=11) with stainless steel plates (n=11), observing a trend
towards better outcomes in the CF plate group, including less nonunion, less structural
failures, and less reoperations (9% vs 36%; 0% vs 18%; and 9% vs 36%, respectively) [40]. Byun
et al. also compared CF (n=10) with stainless steel (n=21), noting better callus formation at 3
months, although this effect diminished at 6 months [42]. Regarding ankle fractures, Guzzini
et al. compared CF plates (n=47) with stainless steel plates (n=41), reporting no significant
differences in terms of pain, radiographic and clinical outcomes at 6-, 12- and 24-month follow-
up evaluations [38] (Table 5).
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Discussion

As hypothesized, the findings of this systematic review indicate that utilization of CF plates
for the fixation of traumatic and (impending) pathological fractures is associated with a
comparable incidence of complications and clinical outcomes to conventional metal plates.
CF implants have gained increasing interest due to their potential advantages over metal
implants. These advantages include radiolucency which allows for improved visualization
of bone healing and early detection of tumor recurrence, ensuring timely interventions if
necessary. The absence of metallic artifacts on radiographic imaging enables more precise
postoperative radiotherapy planning. Other advantages include reduced stress shielding
which potentially leads to better bone quality, and the absence of cold welding which facilitates
easier removal [1-6,8,10]. The reported complication data can serve as a valuable benchmark
for clinicians and patients, helping manage expectations during CF plate treatment. Although
existing evidence suggests CF plates are a viable addition to the surgeons’ armamentarium,
the quality of current evidence is moderate to weak. Hence, recommendations of utilizing CF
plates instead of conventional metal plates should be done with caution.

Adoption of CF plates as standard care for fracture fixation may face challenges due to the
well-established use of conventional metal plates and the surgeons’ extensive training and
experience with these conventional plates [51]. New technologies are often associated with a
learning curve, as performance tends to improve over time [52,53]. Nevertheless, the surgical
procedure in terms of operation time and accuracy of implant position was similarin CF plates
compared to metal plates [44,45]. Moreover, comparable rates of reported complications
suggest that implementation of CF plates does not necessitate additional training. Costs
of innovations are another important factor for implementation. Although there is a lack
of cost-effectiveness studies for CF plates, a recent study comparing CF nails to metal nails
showed comparable cost profiles [54]. Yet, long-term evidence on safety and effectiveness
needs to be further investigated before adaptation on a large scale is feasible. Rotini et al. and
Tarallo et al. both described intraoperative plate breakages at an oval screw hole in the first-
generation of CF plates [10,16]. This issue was not reported in more recent studies. Still, one of
the drawbacks of CF is the inability to bend the plate to match the patient’s surface anatomy
during surgery. Therefore, good preoperative planning is recommended when using these
implants. Importantly, patients should be involved in the decision making and evaluation of
implant material, and other osteosynthesis methods, such as intramedullary nailing, should
be considered before definitive treatment [55,56].

Three systematic reviews have previously evaluated CF plates for trauma fracture fixation.
Firstly, Saracco et al. included seven studies on distal radius fractures, and reported CF as a
potential alternative to conventional metal plates [12]. Secondly, Theivendran et al. evaluated
CF fixation in a broader population with small improvements in functional recovery of CF
plates after humerus fractures, while there was insufficient evidence to support its widespread
use [13]. Thirdly, Choloros et al. (9 studies, 361 patients) states that, considering their high
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union rates in extremity fracture fixation, CF seems to be a valid alternative to conventional
metal plating [11]. Our systematic review (27 studies, 1297 patients), which also included
pathological fractures, aligns with these previous results, and reported comparable material
specific complications to their metal counterparts. However, high quality RCT’s with long-term
follow-up are strongly recommended to provide additional evidence supporting the use of CF
plates, their hypothesized advantages, and possible contra-indications.

Limitations

This systematic review has several limitations. First, its quality is inherently related to the
quality of the included studies. Level | or Il comparative studies were limited, which represents
amajor limitation. In general, Level Ill and IV studies are more prone to selection bias (related
to patient selection and/or uncontrolled confounders). The moderate to weak outcomes of
the risk of bias assessment and GRADE approach to rate quality of evidence reflected our
methodological concerns. However, all studies were still included because we wanted
to provide a thorough overview of all available literature. Second, the lack of high-quality
studies comparing CF and metal plates was a notable limitation. Especially for (impending)
pathological fractures the absence of comparative studies is a drawback which invites future
research. Third, due to the lack of homogenous (comparative) studies and heterogeneity in
patient populations, cancer types, and complications, a meta-analysis was not performed.
Pooling results with data on different complications and types of trauma or cancers would
yield results with limited clinical validity. Fourth, there was a lack of clarity between minor
and major (complications requiring surgical) interventions, which also limited our reporting
about complications. Lastly, most of the included studies only reported short- or mid-term
follow-up results, which hampers our ability to draw conclusions on the long-term safety and
effectiveness of CF plates. Further research is needed to generate high-quality evidence on
the long-term safety and effectiveness of CF plates compared to metal plates. Nevertheless,
this review provides a comprehensive overview with a complete up-to-date summary on the
complication profile of CF plates in traumatic and (impending) pathological fractures.

Conclusion

This systematic review hypothesized that CF plates display similar complication rates and
clinical outcomes as metal plates for fracture fixation. Based on the available evidence,
this systematic review concludes that CF plates are a viable alternative to metal plates for
fracture fixation, without increased material-specific complications. However, more high-
quality studies are needed to strengthen the evidence, especially for (impending) pathological
fractures. In the meantime, the study’s complication data can serve as a valuable benchmark
for clinicians and patients, helping manage expectations during CF plate treatment.
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Appendix A. Search strategy PubMed, search strategies other
databases and their results are available upon request.

Fracture; 132 results in PubMed from database inception up until 20 June 2023.

((“carbon fiber reinforced polyetheretherketon plate”[tw] OR “carbon fiber reinforced
polyetheretherketon plates”[tw] OR “carbon fiber reinforced polyetheretherketon”[tw]
OR “carbon fiber reinforced polyether ether ketone”[tw] OR “carbon fiber reinforced poly
ether ether ketone”[tw] OR “Carbon fiber reinforced poly etheretherketone”[tw] OR “CFR
PEEK plates”[tw] OR “CFR PEEK plate”[tw] OR “CFR PEEK”[tw] OR “CFR PEEK*”[tw] OR
“CFRPEEK”[tw] OR “CFRPEEK*”[tw] OR “Carbon Fiber Reinforced PEEK”[tw] OR “carbon
peek”[tw] OR “Carbon fiber plates”[tw] OR “Carbon fiber plate”[tw] OR “CF plates”[tw]
OR “CF plate”[tw] OR “Carbon fiber implants””[tw] OR “Carbon fiber implant”[tw] OR “CF
implants”[tw] OR “CF implant”[tw] OR ((“carbon fiber*”[tw] OR “carbonfiber*”[tw] OR
“CFR”[tw]) AND (“polyetheretherketon*”[tw] OR “polyether ether keton*”[tw] OR “poly ether
ether ketone”[tw] OR “poly etheretherketone”[tw] OR “PEEK”[tw])) OR ((“Carbon Fiber”[Mesh]
OR “Carbon”[Mesh] OR “carbon fiber”[tw] OR “carbon fibers”[tw] OR “carbon fibre”[tw] OR
“carbon fibres”[tw]) AND (“Bone Plates”[Mesh] OR “bone plate”[tw] OR “bone plates”[tw]
OR “bone plating”[tw] OR “plate”[ti] OR “plates”[ti]))) AND (“Fractures, Bone”[Mesh] OR
“Fractures”[tw] OR “Fracture”[tw] OR “Fractur*”[tw] OR “break”[tw] OR “breaks”[tw] OR
“broken”[tw] OR “broke”[tw] OR “malunion*”[tw] OR “mal union*”[tw] OR “nonunion™”[tw]
OR “non union*”[tw]) NOT (“Animals”[mesh] NOT “Humans”[mesh]) AND english[la]).

Bone tumor; 44 results in PubMed from database inception up until 20 June 2023.

((“carbon fiber reinforced polyetheretherketon plate”[tw] OR “carbon fiber reinforced
polyetheretherketon plates”[tw] OR “carbon fiber reinforced polyetheretherketon”[tw] OR
“carbon fiber reinforced polyether ether ketone”[tw] OR “carbon fiber reinforced poly ether
ether ketone”[tw] OR “Carbon fiber reinforced poly etheretherketone”[tw] OR “CFR PEEK
plates”[tw] OR “CFR PEEK plate”[tw] OR “CFR PEEK”[tw] OR “CFR PEEK*”[tw] OR “CFRPEEK”[tw]
OR “CFRPEEK*”[tw] OR “Carbon Fiber Reinforced PEEK”[tw] OR “carbon peek”[tw] OR “Carbon
fiber plates”[tw] OR “Carbon fiber plate”[tw] OR “CF plates”[tw] OR “CF plate”[tw] OR “Carbon
fiberimplants”[tw] OR “Carbon fiberimplant”[tw] OR “CF implants”[tw] OR “CF implant”[tw] OR
((“carbon fiber*”[tw] OR “carbonfiber*”[tw] OR “CFR”[tw]) AND (“polyetheretherketon*”[tw] OR
“polyether ether keton*”[tw] OR “poly ether ether ketone”[tw] OR “poly etheretherketone”[tw]
OR “PEEK”[tw])) OR ((“Carbon Fiber”[Mesh] OR “Carbon”[Mesh] OR “carbon fiber”[tw] OR
“carbon fibers”[tw] OR “carbon fibre”[tw] OR “carbon fibres”[tw]) AND (“Bone Plates”[Mesh]
OR “bone plate”[tw] OR “bone plates”[tw] OR “bone plating”[tw] OR “plate”[ti] OR “plates”[ti])))
AND (“Bone Neoplasms”[Mesh] OR “Neoplasms, Bone Tissue”[Mesh] OR “Bone Neoplasm”[tw]
OR “Bone Neoplasms”[tw] OR “Bone Malignancy”[tw] OR “Bone Malignancies”[tw] OR
“Orthopaedic oncology”[tw] OR “Orthopedic oncology”[tw] OR “Orthopedic tumor”[tw] OR
“Orthopedic tumors”[tw] OR “Orthopaedic tumor”[tw] OR “Orthopaedic tumors”[tw] OR
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“Orthopaedic tumour”[tw] OR “Orthopaedic tumours”[tw] OR “Bone tumor”[tw] OR “Bone
tumors”[tw] OR “Bone tumour”[tw] OR “Bone tumours”[tw] OR “Bone cancer”[tw] OR “Bone
cancers”[tw] OR “Adamantinoma”[tw] OR “Adamantinomas”[tw] OR “Osteochondroma”[tw]
OR “Osteochondromas”[tw] OR “Giant cell tumor”[tw] OR “Giant cell tumors”[tw] OR “Giant cell
tumour”[tw] OR “Giant cell tumours”[tw] OR “Osteoblastoma”[tw] OR “Osteoblastomas”[tw]
OR “Ewing sarcoma”[tw] OR “Ewing sarcomas”[tw] OR “Ewings sarcomas”[tw] OR “Ewings
sarcoma”[tw] OR “Ewing’s sarcomas”[tw] OR “Ewing’s sarcoma”[tw] OR “Soft tissue
sarcoma”[tw] OR “Soft tissue sarcomas”[tw] OR “Osteosarcoma”[tw] OR “Osteosarcomas”[tw]
OR “Femoral Neoplasm”[tw] OR “Femoral Neoplasms”[tw] OR “Femoral Tumor”[tw] OR
“Femoral Tumors”[tw] OR “Femoral Tumour”[tw] OR “Femoral Tumours”[tw] OR “Jaw
Cancer”[tw] OR “Jaw Malignancies”[tw] OR “Jaw Malignancy”[tw] OR “Jaw Neoplasm”[tw]
OR “Jaw Neoplasms”[tw] OR “Jaw Tumor”[tw] OR “Jaw Tumors”[tw] OR “Jaw Tumour”[tw]
OR “Jaw Tumours”[tw] OR “Mandibular Cancer”[tw] OR “Mandibular Malignancies”[tw] OR
“Mandibular Malignancy”[tw] OR “Mandibular Neoplasm”[tw] OR “Mandibular Neoplasms”[tw]
OR “Mandibular Tumor”[tw] OR “Mandibular Tumors”[tw] OR “Mandibular Tumour”[tw]
OR “Mandibular Tumours”[tw] OR “Maxillary Cancer”[tw] OR “Maxillary Cancers”[tw] OR
“Maxillary Malignancies”[tw] OR “Maxillary Malignancy”[tw] OR “Maxillary Neoplasm”[tw] OR
“Maxillary Neoplasms”[tw] OR “Maxillary Tumor”[tw] OR “Maxillary Tumors”[tw] OR “Maxillary
Tumour”[tw] OR “Maxillary Tumours”[tw] OR “Orbital Cancer”[tw] OR “Orbital Cancers”[tw]
OR “Orbital Malignancies”[tw] OR “Orbital Malignancy”[tw] OR “Orbital Neoplasm”[tw]
OR “Orbital Neoplasms”[tw] OR “Orbital Tumor”[tw] OR “Orbital Tumors”[tw] OR “Orbital
Tumour”[tw] OR “Orbital Tumours”[tw] OR “Palatal Cancer”[tw] OR “Palatal Cancers”[tw] OR
“Palatal Malignancies”[tw] OR “Palatal Neoplasm”[tw] OR “Palatal Neoplasms”[tw] OR “Palatal
Tumor”[tw] OR “Palatal Tumors”[tw] OR “Palatal Tumour”[tw] OR “Palatal Tumours”[tw] OR
“Skull Base Cancer”[tw] OR “Skull Base Cancers”[tw] OR “Skull Base Malignancies”[tw] OR
“Skull Base Malignancy”[tw] OR “Skull Base Neoplasm”[tw] OR “Skull Base Neoplasms”[tw]
OR “Skull Base Tumor”[tw] OR “Skull Base Tumors”[tw] OR “Skull Base Tumour”[tw] OR
“Skull Base Tumours”[tw] OR “Skull Neoplasm”[tw] OR “Skull Neoplasms”[tw] OR “Skull
Tumor”[tw] OR “Skull Tumors”[tw] OR “Skull Tumour”[tw] OR “Skull Tumours”[tw] OR
“Spinal Cancer”[tw] OR “Spinal Malignancies”[tw] OR “Spinal Malignancy”[tw] OR “Spinal
Neoplasm”[tw] OR “Spinal Neoplasms”[tw] OR “Spinal Tumor”[tw] OR “Spinal Tumors”[tw] OR
“Spinal Tumour”[tw] OR “Spinal Tumours”[tw] OR “Spine Cancer”[tw] OR “Spine Cancers”[tw]
OR “Spine Malignancy”[tw] OR “Spine Neoplasm”[tw] OR “Spine Neoplasms”[tw] OR “Spine
Tumor”[tw] OR “Spine Tumors”[tw] OR “Spine Tumour”[tw] OR “Spine Tumours”[tw]) NOT
(“Animals”[mesh] NOT “Humans”[mesh]) AND english[la]).
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Chapter 8

Abstract

Background

Intramedullary nail fixation is commonly used for prophylactic stabilization of impending
and fixation of complete pathological fractures of the long bones. However, metallic artifacts
complicate imaging evaluation for bone healing or tumor progression and postoperative
radiation planning. Carbon-fiber implants have gained popularity as an alternative, given
their radiolucency and superior axial bending. This study evaluates incidences of mechanical
and nonmechanical complications.

Methods

Adult patients (age 18 years and older) treated with carbon-fiber nails forimpending/complete
pathological long bone fractures secondary to metastases from 2013 to 2020 were analyzed
forincidences and risk factors of mechanical and nonmechanical complications. Mechanical
complications included aseptic screw loosening and structural failures of host bone and
carbon-fiberimplants. Deep infection and tumor progression were considered nonmechanical.
Other complications/adverse events were also reported.

Results

A total of 239 patients were included; 47% were male, and 53% were female, with a median
age of 68 (IQR, 59 to 75) years. Most common secondary metastases were related to breast
cancer (19%), lung cancer (19%), multiple myeloma (18%), and sarcoma (13%). In total, 17
of 30 patients with metastatic sarcoma received palliative intramedullary nail fixation
for impending/complete pathological fractures, and 13 of 30 received prophylactic nail
stabilization of bone radiated preoperatively to manage juxta-osseous soft-tissue sarcomas,
where partial resection of the periosteum or bone was necessary for negative margin resection.
33 (14%) patients had complications. Mechanical failures included 4 (1.7%) structural host
bone failures, 7 (2.9%) implant structural failures, and 1 (0.4%) aseptic loosening of distal
locking screws. Nonmechanical failures included 8 (3.3%) peri-implant infections and 15
(6.3%) tumor progressions with implant contamination. The 90-day and 1-year mortalities
were 28% (61/239) and 53% (53/102), respectively. The literature reported comparable failure
and mortality rates with conventional titanium treatment.

Conclusions

Carbon-fiber implants might be an alternative for treating impending and sustained
pathological fractures secondary to metastatic bone disease. The seemingly comparable
complication profile warrants further cohort studies comparing carbon-fiber and titanium
nail complications.
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Introduction

Intramedullary nail fixation has been a longstanding treatment for impending or complete
pathologic fractures of the long bones secondary to metastatic bone disease [1-6]. With
sustained increases in the lifespan of cancer patients with metastatic disease, the treatment
of neoplastic pathologic fractures is gaining more importance as preservation of motion and
function continues to become more needed in this patient population [1,6-9].

Recently, carbon-fiber (CF) has gained popularity as an alternative to conventional metal
implants [10,11]. With good biocompatibility (referring to the ability to perform its desired
function without eliciting any local or systemic adverse effects in the patient), low weight-to-
strength ratio, and increased bending strength when compared to titanium, CF implants may
be a more desirable treatment option for naturally unhealable pathologic fractures [10-14].
Additional benefits include CF’s fatigue strength and closer modulus of elasticity to bone [15-
17]. Its radiolucency and lack of scattering effect on MRl and CT are also appealing forimaging
surveillance and theoretical treatment planning for postoperative radiation, as demonstrated
in CF spinal implant papers (Figure 1) [10,13,18-20]. Although relatively high non-union rates
were reported in a single center using 16 CF nails for diaphyseal correction osteotomy (11
limbs), shortening surgery (3 limbs), and diaphyseal closed tibia fractures (2 limbs), low non-
union rates were reported in a multicenter study with 96 oncologic patients treated with CF
plates [21,22]. As drawbacks, some argue that the lack of malleability makes using plates
challenging in fracture care and question whether CF nails are more expensive than metal
nails. However, costs are competitive with metal nails and bending of CF nails is often not
necessary during surgery [23]. Despite the previously mentioned benefits, the literature is
limited regarding complications, pitfalls, and pearls of using CF nails in metastatic cancer
patients with osseous involvement. The present study is an early experience of the “Carbon-
fiber International Collaboration Initiative” (CF-ICI) which includes 13 centers in Europe, the
Middle East, the United Kingdom, and the United States, participating in an international,
worldwide, prospective registry.

This study aims to assess implant complications categorized as structural and non-structural
with their respective predictors concerning the use of CF femoral, tibial, and humeral nails for
the management of impending or complete pathologic fractures of long bones secondary to
metastatic bone disease or sarcoma treatment.

191



Chapter 8

Figure 1. A conventional titanium nail (A) and carbon-fiber nail (B) in the femur.

Methods

Study design and setting

Thisis a multicenter, retrospective, international study approved by each of the 13 participating
institutions’ Institutional Review Boards. The data was collected from a prospective registry
enrolling patients treated with CF implants. An online database created in Leiden (using
Castor electronic data capture [EDC]), coordinated and hosted the prospective data registry
for Europe, the Middle East, the United Kingdom, and the United States through data exchange
agreements. This study adhered to the Strengthening Reporting of Observational Studies
in Epidemiology (STROBE) guidelines [24]. None of the participating institutions received
funding to support research focusing on CF implants. Investigators who have received fees
as consultants or paid speakers declared their conflicts based on publication guidelines.

Participants/study subjects

Between 2013 and 2020, we included all adult patients (18 years or older) with impending
or complete pathologic fractures to the long-bones secondary to metastatic bone disease,
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with oligometastatic bone sarcoma or oligometastatic disease secondary to renal cell,
breast, and papillary thyroid carcinoma who were treated with metastasectomy and
reconstruction using a CF nail, and with soft tissue sarcomas treated with preoperative and/
or postoperative radiation who required partial excision of bone or periosteum as part of
the margin for oncologic treatment and were fixated prophylactically with a CF nail. Patients
in the described groups were included in a registry that continues to prospectively include
datato assess the long-term safety and effectiveness of CF implants. The choice of treatment
was made by shared decision making between the patient and surgeon. In general, surgery
was recommended for oncological patients with impending or actual pathological fractures,
mechanical axial loading pain, and no response to radiation therapy or oral narcotic pain
medication. The operating surgeon chose to use a CF plate instead of a megaprosthesis.
Factors in the decision included tumor location and amount and quality of remaining bone
available forintramedullary nail fixation. Exclusion criteria included patients younger than 18
years, surgery due to non-malignancy, and intramedullary fixation combined with any other
surgical procedure of fixation, such as plates (Figures 2 and 3).

- Carbon fiber nail fixation

- Femur, humerus, tibia

- Impending or complete pathological
fracture because of sarcoma or
metastatic bone disease

Inclusion:

- Patients >18 years of age

- 12 participating centers

- Surgery 2013-2020

Complete cohort _
(n=264) Exclusion:

- Non-malignancy (n=15)

- Patient below 18 years of age (n=6)

- Intramedullary fixation combined with

Included cohort any other surgical procedure of fixation
(n=239) such as plates (n=4)

Primary outcomes:

- Mechanical failures

- Non-mechanical failures

- Intraoperative mechanical failure
- Amputation

Secondary outcomes:
- 90-day survival

Figure 2. Flow diagram illustrating patient selection and outcomes.
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Figure 3. World map of all 13 participating institutions.

Description of surgery

The choice of treatment was decided by mutual agreement between the patient and surgeon.
The operating surgeon chose to use a CF nail. All patients with humeral lesions received the
CarboFix long humeral nail, which is non-cannulated, 8.5mm in diameter, and has a locking
mechanism consisting of two 4.5 mm proximal screws and up to three distal 3.5 mm screws.
All patients with femoral lesions received the CarboFix long femoral nail with a trochanteric
entry, which is cannulated and 11 to 12 mm in diameter and has a securing mechanism
consisting of a 10.4 mm lag screw size 80 to 110 mm secured with a set screw and two distal
femoral 4.0 mm screws. All patients treated with tibial nails received the CarboFix tibial nail,
which is cannulated, 10 to 11 mm in diameter, and has a securing mechanism consisting of
two proximal 5.0 mm screws, one 4.0 mm dynamic proximal screw, and three 4.0 mm distal
locking screws. Most patients had two screws for distal fixation. Lateral or supine patient
positioning varied depending on the surgeon’s experience and preference. In general, surgery
was recommended for patients with mechanical, axial-loading pain in the affected extremity,
with no response to radiation therapy, or with high, oral-narcotic pain medication use. Patients
with complete fractures were treated independently of previous symptomatology. At the
2-week, 6-week, 3-month, 6-month, and 1-year postoperative follow-ups, patients received
clinical and radiographic evaluations (pending oncologic status). Patients were cleared for
radiation therapy and/or chemotherapy 7 to 10 days after the surgical procedure. All patients
were made weight bearing as tolerated after surgery.
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Description of radiation therapy

The exact doses were not collected in this study because of protocol variation between
institutions. Radiation oncology treatment was also not the focus of our investigation.
Nevertheless, in general, patients with metastatic bone disease were treated with either 400
centigray (cGy) divided into 5 fractions or 300 cGy divided into 10 fractions. In patients treated
for soft-tissue sarcomas, the radiation dose was 5,000-5,400 cGy divided into 25 fractions if
delivered preoperatively or 6,000 cGy divided into 30 fractions if delivered postoperatively.
Preoperative radiation patients that required a postoperative radiation boost, received a
single dose between 1200 to 1600 cGy depending on preoperative radiation dose and tumor
histology.

Outcome measures and explanatory variables

The primary outcome was measured by postoperative complications cataloged as mechanical
or non-mechanical. Mechanical complications included® aseptic screw loosening,? structural
failure of the host bone, such as peri-implant fractures or hip screw cut out,® and structural
failures of the CF implant per se such as primary fracture of the implant or secondary to
fracture nonunion or tumor progression. Non-mechanical complications included* deep
infections requiring surgical treatment® and tumor progression with structural failure of the
implant. Tumor progression causing implant failure, such as nail breakage, was counted as
both, nonstructural failure (tumor progression) and structural failure, given that the implant
ultimately broke. Complications related to implant use, such as superficial wound dehiscence,
superficial wound infection, thromboembolic events, perioperative adverse events, and
implant-use related deaths were also reported. The secondary outcome measures were 90-day
and 1-year mortality by any cause after surgery.

The following clinical factors were obtained: age; sex; smoking status; American Society of
Anesthesiologists (ASA) score; primary tumor type, prognosis (as classified by Katagiri, et
al.[25]), and grade; additional bone metastases to surgical site; preoperative chemotherapy
and/or radiation therapy; postoperative chemotherapy and/or radiation therapy within
3 months of surgery; pathological fracture; surgical site; location of bone; use of cement;
allograft or autograft; surgical margin; and implant type.

Accounting for all patients

Of the 264 patients with CF nails, 9.5% (20/264) were excluded because of non-malignancy
(n=15), age less than 18 (n = 6), and another implant concomitantly used (n = 4). The remaining
239 patients were included. Loss to follow-up was 8.8% (21/239) at 90-days and 19% (45/239)
at 1 year. Missing patients were at random. The median follow-up time was 17 months (IQR,4
to 49). Follow-up was verified until June 1, 2021.

Statistical analysis

Variables are presented as frequencies (percentages for categoric variables) and medians (IQRs
for continuous variables as they were not normally distributed based on histogram inspection).
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No comparative analyses were performed between the complication profile in our study
cohort and from the literature given the heterogeneity in the conventional titanium nail
literature of study populations, selection criteria, and outcomes. Bivariate logistic regression
was used to assess explanatory variables associated with four groupings of mechanical and
non-mechanical complications:* overall complications without time constraint,? overall
complications within 1-year of surgery,® complications without nonstructural type tumor
progression and no time constraint,* and complications without non-structural type tumor
progression within 1-year. The results were presented as odds ratios (OR) with 95% confidence
intervals. Multiple chained imputation (n = 40) was used to estimate missing values for smoking
in 39 patients (16%), ASA scores in 17 patients (7.1%), preoperative chemotherapy in 19 patients
(7.9%), preoperative radiation therapy at surgery site in 19 patients (7.9%), postoperative
chemotherapy in 42 patients (18%), and postoperative radiation therapy in 21 patients (8.8%).
Of the 239 patients, 132 patients (55%) had a date of death. Of the remaining 107 patients
(44%), the median follow-up time was 424 days (IQR, 142 to 894 days). A two-tailed P-value of
<0.05 was considered significant. Bonferroni correction was used for multiple comparisons.
All statistical analyses were performed using Stata 15.0 (StataCorp LP).

Results

Study population

This study included 239 patients: 47% were male and 53% were female, with a median age
of 68 years (IQR, 59 to 75; Table 1). Most patients had an ASA score of 3 to 4 (75%). The most
common primary tumors included those related to breast cancer (19%), lung cancer (19%),
multiple myeloma (18%), and sarcoma (13%; Table 2). Of the 239 surgical margins, 65% were
intralesional, 6.7% wide, 2.5% marginal, and 26% had no resection. The location of surgery
included the femur (55%), humerus (36%), and tibia (8.4%). The 90-day mortality was 28%
(61/239) and 1-year mortality was 53% (53/102) which is comparable with patients treated
with conventional titanium nails in the literature [26] (Supplementary tables 1 and 2).

Complications

In total, 33 patients (14%) had structural and non-structural events defined as complications,
of which 22 (9.2%) occurred within 1 year. Mechanical failures included 1 (0.4%) with aseptic
loosening of the distal locking screws within 2 years (1 femoral nail), 4 (1.7%) with host
bone structural failures, and 7 (2.9%) with implant structural failures (5 femoral nails and 2
humeral nails) (Figure 4). One of the humeral nail failures occurred in a patient who required an
intercalary resection because of a synovial sarcoma single bone metastasis and reconstruction
with a cement spacer because of concerns for infection and need to complete systemic therapy.
This failure was at the interface between the bone and cement spacer, suggesting that the
failure was secondary to a modulus of elasticity mismatch (Figure 5). Non-mechanical failures
occurred in 22 patients (9.2%), including 8 (3.3%) peri-implant infections requiring surgical
treatment and 15 (6.3%) tumor progressions with implant contamination. One patient required
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intraoperative removal of the CF nail as the metal thread of the head screw disassembled
from its CF body. There is no tool to remove this metal thread as all instruments attach to
the CF core of the screw. After several attempts with pliers, the metal thread could not be
removed from the femoral neck/head. The patient received a proximal femoral replacement
because a new nail could not be inserted (Figure 6). Two patients required amputations. One
of them is a patient with thigh pleomorphic sarcoma with recurrence who sustained a peri-
implant femoral fracture without nail structural failure. The second amputation was for the
management of a failed free flap in a patient with oligometastatic bone disease secondary
to uterine cancer affecting the tibia. Two incidences of non-infectious wound dehiscence
occurred (Table 3). Subgroup analyses between prophylactic stabilization of impending and
fixation of complete pathological fractures showed similar failure results. No other subgroup
analyses were performed due to limited numbers in each group.

Table 1. Characteristics of patients treated surgically with carbon-fiber nails for impending or
pathological fracture (n=239).

Variables % (n)
Age (years) - median (IQR) 68 (59-75)
Male 47 (113)
Smoking? 26 (51)
ASA score?

1-2 25 (56)

3-4 75 (166)
Underlying disease

Metastatic carcinoma 87 (209)

Soft tissue sarcoma 13 (30)

Primary tumor group

Good prognosis+ 38(90)

Poor prognosis 62 (149)
Tumor grade

Low 14 (33)

High 86 (206)
Additional bone metastases to surgery site 82 (197)
Preoperative chemotherapy? 61 (134)
Preoperative radiotherapy to surgery site? 14 (30)
Postoperative chemotherapy? 52 (103)
Postoperative radiotherapy? 45 (99)
Surgical variables
Surgical side

Left 52 (125)

Right 48 (114)
Pathological fracture 49 (116)

Location of surgery
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Table 1. Characteristics of patients treated surgically with carbon-fiber nails for impending or
pathological fracture (n=239). (continued)

Variables % (n)
Femur 55(132)
Humerus 36 (87)
Tibia 8.4 (20)

Location of bone
Diaphyseal 66 (157)
Metadiaphyseal 28 (68)
Combined 5.9(14)

Cement® 11(27)

Allograftc 0.4(1)

Autograft® 0.4(1)

Surgical margin
Intralesional 65 (156)
Marginald 2.5(6)
Wide 6.7 (16)
No resection 26 (61)

Primary total knee prosthesis® 0.8(2)

IQR=interquartile range; ASA=American Society of Anesthesiologists. a Missing data was present in
smoking for 16% (39/239) Non-Smoker was defined as stopped at least 6 months before surgery; ASA score
in 7.1% (17/329); preoperative chemotherapy in 7.9% (19/239); preoperative radiotherapy in 7.9% (19/239);
postoperative chemotherapy in 18% (42/239); and postoperative radiotherapy in 8.8% (21/239). b All 11
patients had metastatic disease. ¢ Both patients had soft-tissue sarcomas. d Marginal surgical margin
occurred in 5 patients with soft-tissue sarcoma and 1 patient with renal metastases. e 2 patients had a
primary total knee replacement before they received a femoral carbon fiber nail in the same leg. + Good
prognosis group includes patients with lymphoma, multiple myeloma, breast cancer, kidney cancer, prostate
cancer, or thyroid cancer. Poor prognosis includes patients with lung cancer, colon cancer, rectal cancer,
bladder cancer, esophageal cancer, liver cancer, melanoma, gastric cancer or other cancers.

Table 2. Characteristics of tumors (n=239).

Tumor grade % (n)
Breast 19 (46)
Lung 19 (45)
Multiple myeloma 18 (42)
Soft tissue sarcoma 13 (30)
Kidney 7.5(18)
Other 7.1(17)
Colorectal 2.9(7)
Prostate 2.5 (6)
Liver 2.5 (6)
Endometrium 2.5 (6)
Thyroid 1.7 (4)
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Table 2. Characteristics of tumors (n=239). (continued)

Tumor grade % (n)
Melanoma 1.3(3)
Lymphoma 1.3(3)
Ovary 0.4 (1)
Oropharyngeal 0.4 (1)
Gastric 0.4 (1)
Urothelial 0.4 (1)
Unknown 0.8 (2)

Table 3. Outcomes of patients treated surgically with carbon-fiber nails for impending or pathological
fracture (n=239).

Outcomes % (n)
Mechanical failures 5.0(12)
Aseptic loosening of the implant screws 0.4 (1)
Structural failures of the host bone -peri-implant fractures, hip screw out 1.7 (4)
Structural failures of the carbon fiber implant 2.9(7)
Femur 2.1(5)
Humerus 0.8(2)
Non-mechanical failures 9.6 (23)
Deep infections requiring surgical treatment 3.3(8)
Tumor progression 6.3(15)
Mortality?
90-day 28 (61)
180-days 40 (84)
1-year 53(102)
Intraoperative mechanical failure 1.3(3)
Amputation 0.8(2)
Soft tissue failure due to aseptic wound dehiscence 0.8(2)

a Loss to follow-up was 8.8% (21/239) for 90-day mortality, 13% (31/239) for 180-day mortality, and 19%
(45/239) for 1-year mortality. Median follow-up time was 199 days (interquartile range: 53 - 588 days).
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Figure 4. Radiographs showing a 83-year-old male patient with metastatic renal cell carcinoma and im-
pending pathological fracture of the left femur because of visceral load of disease and brain metastasis
who received a carbon-fiber nail for prophylactic stabilization (A). Despite systemic treatment, there was
notable disease progression (B) with ultimate implant fracture (C). The patient required revision to proximal
femur replacement (D).

Figure 5. Radiographs showing a 38-year-old female patient with oligometastatic disease secondary to
synovial sarcoma. Preoperative radiograph demonstrating an isolated intramedullary left humeral lesion (A).
Six months after intercalary reconstruction with cemented spacer and carbon-fiber nail because of concern
of infection (B). Complete failure of implant at host bone-cement interface (C). Revision surgery with plate
augmentation and fixation after removal of the distal portion of nail (D). Intraoperative removal of distal
portion of broken nail (E) and after revision surgery with metal plate augmentation (F).
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Figure 6. Images showing insertion of screw under fluoroscopy (A) and disassembly from guidewire (B).

Implant failure risk factors

Preoperative radiation therapy at the surgical site and femur surgery were associated with
increased complication risk in all groups after adjusting for confounders during the analysis
(overall complications without time constraint: OR, 4.35; 95% Cl: 1.85 to 10.25; P=0.001 and
OR, 3.15;95% Cl: 1.24 t0 8.05; P = 0.02, respectively; Supplementary Table 2). Additional bone
metastases to the surgical site were associated with an increased risk of implant failures in
overall complications without time constraints and without tumor progression within 1 year,
but notin the other two groupings. The primary tumor group with good prognosis appeared to
be associated with an increased risk of implant failures when no time constraint was applied.
However, that association disappeared when we investigated only the events within 1 year. The
follow-up time and 1-year survival for patients with a good tumor prognosis were considerably
longer and better than those with poor tumor prognosis (median follow-up time: 333 (IQR, 91
to 693) days versus 93 (IQR, 28 to 239) days; 1-year survival: 64% versus 23%). The competing
risk of death may explain why patients with “good prognosis” tumors had more failures as
they had more time to develop them than patients with poor prognoses who died earlier and
had shorter follow-up times.

Discussion

Intramedullary nails are part of the traditional treatment armamentarium for metastatic
disease in the long bones (impending or complete pathological fractures). Although fixation
with traditional titanium implants reports satisfactory clinical and functional outcomes,
oncology patients are more critically affected by their drawbacks. Some of the limitations
include metal scattering on MRI and/or CT, lack of similarity to bone elastic moduli, and
scattering effect in radiation therapy planning [14,20,27]. The radiolucency of CF theoretically
facilitates surveillance and radiation therapy planning using MRI or CT scans, respectively
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[27]. Especially in the subset of patients treated with surgical curative intent, that is, the
localized sarcoma group, who undergo regular MRI surveillance for recurrence. Despite the
absent literature about early detection of recurrence or tumor progression on CT or MRI in
long bones, there are some reports highlighting the benefit in planning of radiotherapy, at
least in cadaver studies [17,28,29]. Finally, more reflective bone elastic moduli in CF implants
may decrease host bone/implant mismatch when compared to their titanium counterparts. In
theory, this may reduce midthigh pain reported by patients treated with titanium femoral nails
suffering from host bone/implant modulus mismatch. CFimplants also maintain higher ex-vivo
biomechanical profiles, potentially reducing implant structural complications secondary to
fracture non-healing or disease progression modeled by loading with axial or lateral bending
forces [10]. However, previous studies reported mixed results regarding the fatigue strength
and durability of CF implants [16,17,21]. Although CF nails may have reduced risks of fatigue
failure, some nails still failed.

Compared with historic data, complication rate seems to be comparable in terms of
mechanical implant failures between CF and titanium implants, although the titanium rates
variated and had non-uniform definitions in the literature [2,3,30]. Acquiring more data is of
utmostimportance to provide insights into failure mechanisms. Our international multicenter
database is designed to include patients treated with CF implants continuously and could
facilitate data for future studies to identify risk factors for nail failures. Altogether, these
insights could lead to ideas on improving implant material and/or usage in a specific subset
of patients to optimize patient care. Although CF implants report comparable rates of wound
dehiscence and superficial infections, thromboembolic events, failure because of disease
progression, and rates of adverse events, their unique radiographic and biomechanical
properties encourage further research [16,23,30-35]. For example, a more effective and
controlled delivery of radiation therapy because of lack of scattering effect may translate in
lower soft-tissue and wound complications. Still, previous studies report mixed results with
relatively high non-union rates in a single center using 16 CF nails for diaphyseal correction
osteotomy (11 limbs), shortening surgery (3 limbs), and diaphyseal closed tibia fractures (2
limbs), and low non-union rates in a multicenter study with 96 oncologic patients treated
with CF plates [21,22]. Besides, a single institutional study in 2017 investigated 53 CF nails
in oncological patients of which one nail developed a stress fracture proximally to the distal
static screw, and a more recent single institutional case-control study (with 36 titanium nails
and 36 CF nails) demonstrated no differences between both groups regarding operating time,
surgical wound infection, and survival [35,36]. Our findings, together with the above studies,
highlight an acceptable mechanical failure rate in the oncologic population, which has also
been reported for titanium nails (supplementary table 3). Failure predictors are similar for
both and depend on patients’ disease progression, the burden of metastatic disease, and
tumor location [2,3]. The time-constrained analysis seems to have no effect on the nature,
incidence, and rate of complications.
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Complications were found to be associated with nail type. Humeral and femoral nails had
structural failures while tibial nails did not. Humeral nails fixing distal humeral diaphyseal
segmental defects were more likely to break. The stress caused by the difference in elastic
moduli between the cement spacer filling the diaphyseal defect and the distal humerus
fragment apparently generated point forces in the distal third of the nail, causing the fracture
of the implant at that level. For the remaining ones, the mismatch apparently was between
the distal diaphysis and distal metaphysis. Theoretically, such fractures may be prevented
by increasing humeral nail diameter or by opting for intercalary allografts instead of cement
spacers. Alternatively, metal plate constructs and traditional megaprosthesis might be used
instead with their own benefits and complications. For femoral nails, failure occurred with
impending and complete pathologic fractures where neoplastic tissue was not removed or
only curetted. Fractures occurred at the proximal metadiaphyseal junction or the diaphyseal
portion of the nail. It is important to highlight that at least one of the failures was due to
disease progression, and the nail was left in place until it failed because of plans of not stopping
systemic treatment (Figure 4). All patients underwent revision surgery without complications.
Table 4 summarizes implant structural failures.

The study is limited by its retrospective design, lack of patient matching, and potential
heterogeneity in institutional patient data collection. This study should be interpreted
in the context of its retrospective design and inherent shortcomings. However, the effect
of the retrospective nature was deemed minimal as the survival and failure outcomes are
incontrovertible. There was no direct comparison with patients that received non-CF nails
at the participating institutions. Ideally, a randomized controlled trial (RCT) or propensity
score-matched study may be a better option. However, this would have been difficult given
the relatively small population of patients with long-bone metastases and the large size of
this multicenter cohort, the biggest of its kind to our knowledge. This design should serve
as the platform for a future prospective study randomizing patients to each nail type. This
study also depended on each participating center to fill in their own data. Although we
believe each institution filled in their data to the prospective registry to the best of their
ability, following clearly defined criteria and extraction sheets, inconsistencies may still be
present. If additional relevant information was required, the primary surgeon was contacted
to clarify any discrepancies discovered during patient record review to minimize selection
and recall bias. Finally, the sample size prevented us from performing subgroup analyses to
detect any differences between, for example, soft-tissue sarcoma and metastatic carcinoma.
Nevertheless, to our knowledge, this is the largest CF implant cohort determining complication
profiles in patients treated surgically with CF nails for impending or complete pathologic
fractures. By our international, multicenter effort, our study provides valuable insights into
the use of CF nails in orthopedic oncology care.

203



Chapter 8

ve |euolsajesiu] ainjoely JeasAydeiqg Kaupiy snJawnyH € 1. EIE
vIC leuidie ainyoel4 JeasAydelq Kaupiy snJswny € 1S slen
69 |euolsajeliu| ainjoel4 |easAydeipelsiy J9Y30 Jnwa4 C ¥9 9)ewa4
8T |euolsajesiu] Suipuadw| |easAydelpeis|y JaY10 Jnwag € 1 9len
¥8 uo1329s3. ON ainjoel4 1easAydeiq Kaupiy Jnwa4 € 8L dlen
ewojaAw

59 uol112953J ON 2Jnyoel4 1easAydeiq a1diniN Jnwia4 € 59 BT
98T Jeuoisajeiu] Buipuadw| |easAydeipeisy Sunq anwa 4 S 9lewa4

Kep ainjoeuy
annesadolsod uoI}29s9y jJoadAL uones>oq Jown)Aiewiid auog vSsvY a8y Japuan

*(1=u) sa4njiey |RINIONIIS 10§ SD1ISIIDIDRIBYD JUdIIRd ' d1qeL

<
o
o~



Outcomes of Long Bones Treated with Carbon-Fiber Nails for Oncologic Indications: International Multi-Institutional Study

Conclusion

CFimplants might be an alternative treatment option forimpending and complete pathological
fractures secondary to bone metastases. Their complications and failure rates seem to be
comparable to those historically reported in titanium and stainless-steel implants. Given
their radiolucency, good biocompatibility, bone-like elastic moduli, lack of scattering effect
on MRIand CT, and strength on axial loading and bending forces, CF may particularly benefit
oncology patient populations requiring frequent imaging follow-ups with MRl and/or CT scans
and careful planning for postoperative radiation therapy treatment plans. Additional studies
of randomized, comparative nature are needed to confirm the similar complication profiles
for these implants. Relevant future research studies comparing the prospective benefits of
early detection on imaging studies of local recurrence and/or tumor progression, as well as
optimization of radiation therapy planning will help affirm the future standard of care for
pathological fracture management in orthopedic oncology patients. Owing to the rarity of
these events, international, multi-institutional collaborations are required to facilitate these
studies.
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Supplementary Table 1. Summary of study characteristics that evaluate patients who underwent

intramedullary nail fixation for metastatic bone disease.

Author Years Patients Location Type Follow-up Age
Willeumier, 2000- 212 (228 nails) Femur Gamma nail: 0.1-175 29-93 years,
2018 2015 164 (72%), PFN/  months, mean 65
PFNa: 21 (9%), mean 14.4
IMHS: 24 (11%),
TFN: 9 (4%), T2-
Recon: 6 (3%),
UFN/CFN: 4 (2%)
Piccioli, 2000- 80 Femur PFN/PFN-A: 26 1-48 39-81years,
2014 2010 (32.5%), AFN: 54 months, mean 61.2
(67.5%) mean 22
Tanaka, 2003- 75 (80 nails) Femur Trigen System:  1-77 20-80 years,
2016 2013 NA, Alta CFx IM months, mean 60.1
rod system:NA  mean 11.4
months
Kotian, 2005- 138 Femur NA NA 13-90years,
2018 2017 mean 60,
median 61
Moon, 2017 1996- 34 (40 nails) Femur: NA 0.3-86 27-81 years,
2014 24, months, median 52
Humerus: median 13
15, Tibia:
1
Ofluoglu, 2002- 23 (24 nails) Humerus Titanium: 16, 6-44 43-81 years,
2009 2006 Stainless steel: 8 months, median 63
mean 17
Bonnevialle, 2001- 25 (8 nails, Tibia NA Minimum 6 Mean 66
2020 2017 14 plates, 2 months for years
cementoplasty all patients
only, 1 knee

arthroplasty)

PFN/PFNa=proximal femoral nail/proximal femoral nail helical blade; IMHS=intramedullary hip screw;
TFN=titanium trochanteric fixation nail; UFN/CFN=unreamed/cannulated femoral nail; AFN=antegrade
femoral nail; NA=not available
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Gender Underlying Primary tumor Chemotherapy Radiotherapy
Disease

84 men Metastatic Breast: 76 (36%), lung: 51 (24%),  NA Neoadjuvant:

(40%) carcinoma kidney: 24 (11%), prostate: 23 39, Adjuvant:
(11%), other: 38 (18%) 124

42 men Metastatic Breast: 23, prostate: 12, lung: NA Neoadjuvant:

(52.5%) carcinoma 8, colon: 6, thyroid: 4, kidney: NA, Adjuvant:
2, myeloma: 16, lymphoma: 4, 100
bladder: 3, liver: 2.

37 men Metastatic Lung: 24 (32%), breast: 18 (24%),  Neoadjuvant: Neoadjuvant:

(49%) carcinoma melanoma: 11 (14.7%), renal: NA, Adjuvant: NA, Adjuvant: 74
5 (6.7%), prostate: 5 (6.7%), yes (NA)
unknown: 4 (5.3%), other: 8
(10.6%)

57 men Metastatic Breast: 29 (21%), plasma cell/ Neoadjuvant: NA

(41%) carcinoma multiple myeloma: 29 (21%), NA, Adjuvant:
lung: 21 (15%), renal cell: 12 (9%), 124
prostate: 7 (5%), thyroid: 5 (4%),
other: 35 (25%)

NA Sarcoma Osteosarcoma: 4, 29 total 11 total
hemangiopericytoma: 5, neoadjuvant neoadjuvant
leiomyosarcoma: 5, alveolar and adjuvant and adjuvant
soft parts sarcoma: 4,
angiosarcoma: 3, spindle cell
sarcoma: 3, undifferentiated
pleomorphic sarcoma: 2,
liposarcoma: 2, fibrosarcoma: 1,
myxofibrosarcoma: 1, epithelioid
hemangioendothelioma: 1,
synovial sarcoma: 1, Ewing’s
sarcoma: 1, neurofibrosarcoma: 1

19 men Metastatic Lung: 11, breast: 5, renal cell: 3, Neoadjuvant: Neoadjuvant:

carcinoma myeloma: 2, mesothelioma: 1, 15, Adjuvant: 12 NA, Adjuvant:
unknown: 1 23
15men Metastatic Kidney: 10, lung: 4, other: 11 NA NA
(60%) carcinoma
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Supplementary Table 2. Summary of complication and survival rates in studies where patients
underwent intramedullary nail fixation for metastatic bone disease.

Author

Willeumier, 2018

Piccioli, 2014

Tanaka, 2016

Kotian, 2018

Moon, 2017

Ofluoglu, 2009

Bonnevialle, 2020

Survival

6-month: 49%, 1-year:
33%, 2-year: 19%,
Median OS: 6 months

1-year: 40%, 2-year:
25%, 3-year: 15%, Mean
0S: 10 months

2-year: 14.2%, 3-year:
8.4%

Median OS: 8.4 months

0.3-80 months, Median
0S: 5 months

1-38 months, Mean OS:
11.4 months

Median OS: 14 months

Complications

Local complications: 28
(12%)

NA

NA

Within 30 days: 18 (13%)

NA

Nail group: 0

Complication
Definition

Local complications:
persisting pain, tumor
progression, implant
breakage; Implant
breakage: nail and screw
fractures, migrations,
deformations or
malplacements, and
peri-implant fractures

NA

NA

Major medical
complications: DVT,

PE, pneumonia,

MI, arrhythmia,
cerebrovascular
accident, and renal
failure; Wound
complications: surgical
site infection, hematoma

NA

NA

NA

OS=overall survival; DVT=deep venous thrombosis; PE=pulmonary embolism; MI=myocardial infarction;

NA=not available
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Mechanical vs.
Non-Mechanical
Definition

NA

NA

NA

NA

NA

NA

NA

Complication Defined

Implant breakage: 18 (8%) in 28 nails
(12%), Persisting pain: 5 (2%), Tumor
progression: 9 (4%), Revision: 12 (5%)

DVT: 11 (13.75%), Superficial wound
infection: 6 (7.5%), Pneumonia: 2 (2.5%)

Implant breakage: 3 (3.8%), Early
postoperative death via respiratory

failure: 3 (3.8%)

Major medical complications: 16 (12%),
Wound complications: 3 (2.2%)

Infection: 1 (3%), Amputation: 1 (3%),
Tumor progression: 3 (9%), Distal cortex
of femur penetration during nailing:

1 (3%), Fracture at tip of humeral

nail: 1 (3%), Postoperative death via
cardiovascular collapse: 1 (3%)

Fixation failure: 1, Proximal locking
screw loosening: 1, Tumor progression:
1, Tumor seeding at nail: 1

None

Mechanical
Complications

NA

NA

NA

NA

NA

NA

NA

Non-
mechanical
Complications
NA

NA

NA

NA

NA

NA

NA
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Supplementary Table 3. Bivariate logistic regression analysis for (1) overall failure events, (2) overall
failure events within 1 year, (3) failure events without type tumor progression, and (4) failure events

without tumor progression within 1 year using chained multiple imputation (imputations=40).

Overall failures
(events=33)

Overall failures within 1-year

(events=22)

Explanatory Odds ratio Standard p-value Oddsratio Standard p-value
variables (95% ClI) Error (95% ClI) Error
Age (years) 0.99(0.97-1.02)  0.014 0.66 1.02 (0.98-1.05)  0.018 0.36
Male 0.85(0.41-1.77) 0.318 0.67 0.63(0.27-1.51) 0.281 0.31
Smoking 0.57(0.19-1.68) 0.314 0.31 0.51(0.15-1.81) 0.330 0.30
ASA score
1-2 Ref Ref
3-4 0.69 (0.31-1.54) 0.283 0.36 0.72(0.28-1.84) 0.345 0.49
Primary tumor group
Good 2.27(0.98-5.24)  0.969 0.06 1.53(0.61-3.84) 0.718 0.37
prognosis
Poor Ref Ref
prognosis
Tumor grade
Low Ref Ref
High 0.95(0.34-2.67)  0.500 0.93 1.85(0.41-8.28) 1.415 0.42
Additional bone 0.39(0.0.17-0.88) 0.161 0.02 0.47(0.18-1.22)  0.229 0.12
metastases to
surgery site
Preoperative 1.62(0.72-3.67)  0.678 0.25 1.12(0.45-2.76) 0.516 0.81
chemotherapy
Preoperative 4.35(1.85-10.25) 1.902 0.001 5.23(2.02-13.49) 2.528 0.001
radiotherapy to
surgery site
Postoperative  0.80(0.38-1.68)  0.304 0.55 0.76 (0.32-1.79) 0.331 0.53
chemotherapy
Postoperative 1.04(0.49-2.21)  0.401 0.93 0.92(0.39-2.19) 0.408 0.85
radiotherapy
Surgical side
Left 1.26 (0.61-2.59) 0.464 0.54 2.41(0.96-6.04) 1.129 0.06
Right Ref Ref
Pathological 0.67 (0.32-1.38) 0.248 0.28 0.89(0.38-2.07) 0.383 0.78
fracture
Location of surgery
Femur 3.15(1.24-8.05)  1.507 0.02 2.59(1.04-7.26) 1.362 0.05
Humerus Ref Ref
Tibia 3.38(0.85-13.37) 2.366 0.08 0.86 (0.10-7.82) 0.971 0.90
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Failures without tumor progression

(events=20)

Failures without tumor progression
within 1 year (events=16)

0dds ratio Standard p-value Odds ratio Standard  p-value
(95% Cl) Error (95% ClI) Error

1.02 (0.99-1.06)  0.020 0.20 0.99(0.97-1.02) 0.014 0.66
1.37(0.57-3.30)  0.614 0.61 0.85(0.41-1.77) 0.318 0.67
0.44(0.12-1.54)  0.281 0.20 0.57(0.19-1.68) 0.314 0.31
Ref Ref

0.89(0.33-2.40)  0.451 0.82 0.69 (0.31-1.54) 0.283 0.36
0.168 (0.63-4.48) 0.840 0.30 2.27(0.98-5.24) 0.969 0.06
Ref Ref

Ref Ref

1.67(0.37-7.49) 1.278 0.51 0.95(0.34-2.67) 0.500 0.93
0.53(0.19-1.45)  0.272 0.22 0.39(0.17-0.88) 0.161 0.02
1.42 (0.56-3.65)  0.684 0.46 1.62 (0.72-3.67) 0.676 0.25
4.69 (1.76-12.46) 2.338 0.002 4.35(1.85-10.25) 1.902 0.001
0.71(0.29-1.77)  0.330 0.46 0.80(0.38-1.68) 0.304 0.55
1.21(0.50-2.92)  0.545 0.68 1.04 (0.49-2.21) 0.401 0.93
1.10(0.46-2.66)  0.496 0.83 1.26 (0.61-2.59) 0.464 0.54
Ref Ref

1.07 (0.44-2.56)  0.477 0.89 0.67(0.32-1.38) 0.248 0.28
3.86(1.09-13.68) 2.492 0.04 3.15(1.24-8.05) 1.507 0.02
Ref Ref

4.94(0.92-26.59) 4.243 0.06 3.38(0.85-13.34)  2.366 0.08
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Supplementary Table 3. Bivariate logistic regression analysis for (1) overall failure events, (2) overall failure
events within 1year, (3) failure events without type tumor progression, and (4) failure events without tumor
progression within 1 year using chained multiple imputation (imputations=40). (continued)

Overall failures Overall failures within 1-year
(events=33) (events=22)
Location of bone
Diaphyseal  Ref Ref
Metadiaphyseal 0.58 (0.24-1.41) 0.262 0.23 0.80(0.30-2.12) 0.397 0.65
Combined 0.84(0.18-3.98)  0.666 0.83 0.63(0.08-5.15) 0.677 0.67
Surgical margin
Intralesional Ref Ref
Marginal 3.40(0.58-19.78) 3.055 0.17 5.07 (0.85-30.19) 4.616 0.07
Wide 3.09(0.97-9.83) 1.824 0.06 2.34(0.59-9.21) 1.636 0.22
No resection 1.03(0.43-2.47) 0.460 0.95 0.91(0.31-2.63) 0.493 0.86

Cl=confidence interval; Ref=reference value. A ‘reference’ category is so titled because it serves as a point
of comparison for the other categories. In other words, the other categories are evaluated in relation to the
reference. For example, if you wanted to predict probability of ‘Location of surgery’, you will set the baseline
(i.e., reference level) to one category and in this case “humerus”. Missing values are listed in Table 1 and
follow-up times in Table 2. Bold p-values are <0.05.
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Failures without tumor progression

(events=20)

Failures without tumor progression

within 1 year (events=16)

Ref Ref

0.85(0.32-2.28) 0.428 0.75 0.58 (0.24-1.41) 0.262 0.23
no value 0.84(0.18-3.98) 0.666 0.83
Ref Ref

6.00(0.99-36.18) 5.500 0.051 3.40(0.58-19.78)  3.055 0.17
2.77(0.69-11.08) 1.959 0.15 3.09(0.97-9.83) 1.824 0.06
1.07(0.36-3.18) 0.595 0.90 1.03(0.43-2.47) 0.460 0.95
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Abstract

This study evaluated artifacts on computed tomography (CT) images using Hounsfield units
(HU) in patients with spinal oligometastatic disease who received carbon-fiber (CF; n=11) or
titanium (n=11) spine implants and underwent stereotactic ablative radiotherapy (SABR).
Pre- and postoperative HU were measured at the vertebral body, pedicle, and spinal cord at
three different levels: the lower instrumented vertebra, the level of metastatic spinal cord
compression, and an uninvolved level. Areas measured at each level were delicately matched
pre- and postoperatively. Significant differences in HU were observed at the vertebral body,
the pedicle, and the spinal cord at the lowest instrumented vertebra level for both CF and
titanium (average increase 1.54-fold and 5.11-fold respectively). At the metastatic spinal cord
compression level, a trend towards a higher HU-increase was observed in titanium compared
with CF treated patients (average increase 2.51-fold and 1.43-fold respectively). The relatively
high postoperative HU-increase after insertion of titanium implants indicated CT artifacts,
while the relatively low HU-increase of CF implants was not associated with artifacts. Less CT
artifacts could facilitate an easier contouring phase in radiotherapy planning. In addition, we
propose a CT artifact grading system based on postoperative HU-increase. This system could
serve as a valuable tool in future research to assess if less CT artifacts lead to time savings
during radiotherapy treatment planning and, potentially, to better tumoricidal effects and
less adverse effects if particle therapy would be administered.
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Introduction

Spinal metastases are common in oncological care as approximately 70% of all bony
metastasized cancers are located in the spine [1,2]. Spinal oligometastatic disease (OMD) is
defined as a subgroup of patients with limited (< 5) metastatic lesions in the spine where all
metastatic sites are safely treatable [3,4]. Treatment of spinal OMD is a multidisciplinary team
effort,and management must be individualized for each patient. Factors that impact treatment
strategy include histology, tumor location, symptoms, radiosensitivity, and prior treatment [5].
Surgery can be performed in case of mechanical pain, decompression, correction of instability
or deformity, and with the purpose of oncological cytoreduction [6]. In patients with limited
spinal OMD, surgery combined with postoperative radiotherapy (RT) to improve local control
is an established practice [7].

Conventional external beam radiation therapy (EBRT) to the entire spine has been the golden
standard for decades due to its excellent palliative effect. However, EBRT doses are too low
to ensure long term local control, and raising the dose is not an option because the spinal
cord is often at risk [8]. Fortunately, stereotactic ablative radiotherapy (SABR) is an emerging
noninvasive approach for the treatment of spinal OMD [9]. It has drastically changed the
treatment from palliative to curative care for several (early detected) cancers, including lung-,
liver-, prostate-, breast-, and spine cancer [10-13]. SABR can precisely deliver tumoricidal
radiation doses to the tumor(s), while sparing adjacent tissues, thereby achieving durable
local tumor control with low complication rates [10]. This is a delicate procedure that highly
depends on accuracy, not only because the dose must be high enough to be toxic to tumor
cells, but also because it requires high precision as the spinal cord is often right next to the
area being treated [14]. Therefore, precise SABR planning with computed tomography (CT),
or magnetic resonance imaging (MRI), is essential to ensure optimal treatment for spinal OMD
[15]. Several prospective trials have already demonstrated that SABR is an effective tool for
treating spinal OMD [16-20].

Although very promising, a major challenge in the delivery of SABR to spinal OMD is the proximity
of the spinal cord. Despite technical evolutions such as surface-guided monitoring systems,
metal artifact reduction, and couch corrections in all six degrees of freedom, SABR treatment
can be hampered when spinal tumors are treated with titanium (or other metallic) implants
[21]. Commonly used titanium implant materials produce substantial artifacts on CT images
[22]. Consequently, these implants pose problems with respect to (time-consuming) radiation
planning and accurate delivery of the calculated dose [22]. This could lead to complications
such as spinal cord radio necrosis, progressive myelopathy, spinal hemorrhage, and fractures
[23,24]. Tedesco et al. reported that scattering of radiotherapy from titanium spine implants can
compromise the therapeutic effect and lead to unwanted radiation to adjacent healthy tissue
[25]. In addition, titanium (or other metallic) artifacts also interfere with postoperative radiologic
surveillance used to track bone healing and identify recurrences [26].
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Apossible improvement for spinal OMD treatment with SABR is to change traditional titanium
(or other metallic) implants to innovative carbon-fiber (CF) implants. CF materials have good
biocompatibility, chemical stability, good mechanical properties, and a modulus of elasticity
which is similar to human bone and theoretically leads to better bone quality [27]. Besides,
clinical studies have not shown an increase in complications with implementation of CF
implants [25,28-30]. Therefore, CF implants could improve SABR planning and lead to more
accurate delivery of the calculated dose compared to traditional implants [31]. Several CF spine
implants have shown promising results with regards to reducing artifacts, better radiation
planning, and potentially greater safety and quality of radiotherapy [25,32,33]. However, it
has been difficult to quantify the difference in CT artifacts after implementation of CF and
titanium implants. In the current study, we utilized a quantitative technique to perform a
pre- and postoperative comparison of CT artifacts produced by CF and titanium implants in
patients with spinal OMD undergoing postoperative SABR. In addition, we propose an artifact
grading system to classify CT artifacts.

Materials and methods

This retrospective single center study included patients =18 years with spinal OMD who
received CF or titanium spinal implants (including pedicles, screws, and rods) between
2018 and 2020. A closely matched gender and age group of patients that received CF and
titanium implants was selected because gender- and age-related osteoporotic changes in
bone density could potentially influence CT artifact measurements. Patients with traumatic
orinflammatory conditions, or previous fusion surgery were not eligible. Additionally, patients
that received bone cement (i.e., polymethyl methacrylate or PMMA) at the level of metastasis
orinstrumented level were excluded because this could potentially interfere with CT artifact
measurements. The study protocol was approved by the local ethics committee (St George’s
Research Ethics Committee, clinical audit registration number AUDI003026), and informed
consent was obtained from all subjects and/or their legal guardians. All methods were
performed in accordance with relevant guidelines and regulations.

Surgery was recommended as a curative treatment strategy in patients with spinal OMD.
Most patients presented with pain, some with spinal cord compression, and response to non-
surgical treatment was insufficient. Decompression and fixation surgery was predominantly
performed for those cases, and there was no standardized protocol to choose for CFimplants
instead of titanium implants. Therefore, the choice between CF or titanium was made by shared
decision making and the preference of the operating surgeon. During this study, patients were
treated with various FDA approved and CE marked CF (CarboFix Orthopedics; Herzliya, Israel)
and titanium implants (Stryker Corporation, Michigan, United States of America).
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Outcomes assessment

Artifacts on CT images were measured preoperatively and within the first postoperative week
using Hounsfield units (HU), which were determined by a picture archiving and communication
system (PACS) integrated software (Phillips Medical Systems, Eindhoven, The Netherlands).
An unmodified standard care CT spine protocol (median tube potential 140kVp, median
tube current 60mA, 2.5mm slice thickness) was used to measure the artifacts; the software
measured the density of a region of interest (ROI), which electronically overlaid the image,
and calculated the corresponding HU. ROI were selected by a neurosurgeon (K.A.K.) and
checked by an orthopedic surgeon specialized in spine surgery (D.L.). Pre- and postoperative
HU measurements were performed at the vertebral body, pedicle, and spinal cord at
three different levels: the lower instrumented vertebra, the level of metastatic spinal cord
compression, and at an uninvolved level. These locations were chosen because the lower
instrumented vertebra received the implant. The level of metastatic spinal cord compression
was chosen because this is the level where radiotherapy is directed, and usually no screws
are inserted at this level which means that HU changes come from scattering from different
levels. Additionally, an uninvolved level served as internal control. Areas were measured as a
circle in the vertebral body and spinal canal, while an ellipse was used for the pedicle (Figure
1). CT images were analyzed for the CF as well as the titanium implant group, and HU areas
measured at each level were delicately matched between pre- and postoperative images
(<10% difference in the examined area measured in cm?). In addition, a CT artifact grading
system was developed based on the postoperative HU change.
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Figure 1. Hounsfield unit measurement of the vertebral body of the lower instrumented vertebra with bright
and dark artifacts after treatment with a titanium implant (A), measurements of the spinal cord near the
lower instrumented vertebra with carbon-fiber (B), measurements of the spinal cord near the lower instru-
mented vertebra with titanium (C), and an elliptical measurement of the pedicle of the lower instrumented
vertebra with carbon-fiber without bright or dark artifacts (D).

Statistical analysis

Statistical analyses were performed using SPSS version 25 (IBM Corp, Somer, NY, USA). For
continuous data, the Kolmogorov-Smirnov test was used to assess the normal distribution
assumption. Mean HU were calculated for each group pre- and postoperatively. These mean
HU values were used because the distribution of our data was symmetric without clear outliers,
and a paired t-test was used to compare the mean HU pre- versus postoperatively. Significance
was set as a p-value < 0.05.

Results

In total, 22 patients were included. Six males and five females (n=11) were included in the CF
implant group, with a mean age of 54 years (range 20 - 70 years). The titanium group consisted
of five males and six females (n=11), with a mean age of 56 years (range 36 - 66 years). Although
two patients in the CF group were primary spine tumors, most of the lesions were spinal
metastasis, and the involved location was mostly at the thoracic level of the spine (Table 1).
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Table 1. Demographic features of included patients treated with carbon-fiber or titanium implants.

Baseline characteristics Carbon-fiber implant group Titanium implant group
(n=11) (n=11)
Female % (n of total) 45% (n=5) 55% (n=6)
Age (years; mean with range) 54 (20 -70) 56 (36 - 66)
Primary tumor
Primary spine tumor 18% (n=2) 0% (n=0)
Metastasis* 82% (n=9) 100% (n=11)
Level of the lesion 9% (n=1) 9% (n=1)
Cervical
Thoracic 64% (n=7) 55% (n=6)
Lumbar 27% (n=3) 36% (n=4)

* Metastasis most frequently originated from renal cell carcinoma (n=3) and lung cancer (n=3), followed by
breast-, prostate-, and thyroid cancer (n=2 per group) and a group of other types of cancer including bladder
cancer, gastric cancer, melanoma, ovarian cancer, plasmacytoma, and sarcoma (n=1 per type of cancer)

Pre- versus postoperative HU comparison for carbon fiber implants

The average HU of the vertebral body, pedicle, and spinal cord at the level of the lower
instrumented vertebra, at the metastatic spinal cord compression level, and at the uninvolved
level was compared before and after insertion of the CF implants. CF instrument scatter
artifacts were observed with higher postoperative HU. Although HU only increased with a
maximum of 1.67-fold compared to its preoperative value, there was a significant increase
at the vertebral body-, pedicle-, and spinal cord at the lowest instrumented vertebra level
(p=0.012, 0.015, and 0.014 respectively; Table 2). No statistically significant HU-increase was
observed at the metastatic spinal cord compression level (generally no instrumentation at
the tumor level) and at the uninvolved level (internal control) (Table 2).

Table 2. Hounsfield unit comparison within the carbon-fiber group.

Level Preoperative HU* Postoperative HU* fold increase p-value
LIVVB 163.19 267.67 1.64 .012
LIV ped 298.20 493.88 1.65 .015
LIV SC 36.27 47.81 1.32 .014
MSCCVB 236.46 394.63 1.67 .089
MSCC Ped 230.05 367.93 1.60 910
MSCC sC 49.92 50.82 1.02 125
Uninvolved level VB 137.26 141.77 1.03 667
Uninvolved level Ped 282.86 286.37 1.01 .376
Uninvolved level SC 30.11 34.57 1.15 .261

*Average values of all included patients are reported. Abbreviations: LIV=Lowest Instrumented Vertebra;
VB=Vertebral Body; SC=Spinal Cord; Ped=Pedicle; MSCC=metastatic spinal cord compression, HU=Hounsfield
unit
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Pre- versus postoperative HU comparison for titanium implants

The average HU of the vertebral body, pedicle, and spinal cord at the level of the lower
instrumented vertebra, at the metastatic spinal cord compression level, and at the uninvolved
level was compared before and after insertion of the titanium implants. Titanium instrument
scatter artifacts were observed with higher postoperative HU. The same trend was observed
as with CF implants, with significantly increased HU postoperatively (maximum 5.65-
fold increase) at the vertebral body-, pedicle-, and spinal cord at the lowest instrumented
vertebra level (p-values of 0.00, 0.00, and 0.24 respectively; Table 3). Although not statistically
significant, a trend towards higher HU was observed in titanium implants (average 2.51-fold
HU-increase) at the metastatic spinal cord compression level. As expected, no significant
HU-increase was observed at the uninvolved level (internal control).

Table 3. Hounsfield unit comparison within the titanium group.

Level Preoperative HU* Postoperative HU* X increase p-value
LIVVB 166.69 790.28 4.74 .000
LIV ped 249.49 1386.78 5.56 .000
LIVSC 29.37 147.49 5.02 .024
MSCCVB 174.39 530.01 3.04 .155
MSCC Ped 263.47 419.09 1.59 .058
MSCC SC 35.91 103.92 2.89 243
Uninvolved level VB 195.02 177.18 0.91 .151
Uninvolved level Ped 295.26 283.86 0.96 .053
Uninvolved level SC 30.35 38.05 1.25 .082

*Average values of all included patients are reported. Abbreviations: LIV=Lowest Instrumented Vertebra;
VB=Vertebral Body; SC=Spinal Cord; Ped=Pedicle; MSCC=metastatic spinal cord compression, HU=Hounsfield
unit

Artifact grading system to classify CT artifacts

Based on our observations the postoperative HU-increase was associated with anincrease in
CT artifacts. Therefore, we propose a CT artifact grading system where grade 0 = no increase
(i.e., bone allografts), grade 1 =1-1.3-fold (differences in study planes), grade 2 = 1.3-2-fold
increase (CF), grade 3 =2-4-fold increase (i.e., CF with cement), and 5=>4-fold increase
(titanium) (Table 4). This grading system provides information on the ability to assess
anatomically relevant structures and could be used in future studies to assess if less CT
artifacts indeed facilitate an easier contouring phase in radiotherapy planning and possibly
lead to better tumoricidal effects and decreased adverse outcomes in cases where newer
forms of radiotherapy, such as particle therapy, would be considered.
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Table 4. CT artifact grading system based on postoperative HU-increase.

Grade Fold increase of HU  Description, assessment of anatomically relevant structures

GradeO  Lessthanl Bone allografts, perfect assessment

Gradel 1-1.3 Differences in study planes, very good assessment

Grade2 1.3-2 Carbon fiber implants, good assessment

Grade3 2-4 Cement was observed to increase HU, moderate assessment
Grade4  4andabove Titanium implants, poor assessment

Discussion

In this study, we utilized a quantitative technique to perform a pre- versus postoperative
comparison of HU produced by CF and titanium implants in patients with spinal OMD
undergoing postoperative SABR. Significant increases in HU were observed at the vertebral
body, the pedicle, and the spinal cord at the lowest instrumented vertebra level for both
CF and titanium implants (average 1.54-fold and 5.11-fold HU-increase, respectively). At
the metastatic spinal cord compression level, a trend towards a higher HU-increase was
observed in titanium implants compared with CF implants (average 2.51-fold and 1.43-fold
HU-increase respectively). In general, no screws are inserted at this level, which means the HU-
increase comes from the scatter of a cage or rods posteriorly. As expected, no postoperative
HU-increase was observed at the uninvolved level for both CF and titanium. Based on our
observations, the HU-increase indicates an increase in CT artifacts. Therefore, we propose a
CT artifact grading system based on postoperative HU-increase, which provides information
on the ability to assess anatomically relevant structures and could be used in future long term
follow up studies. These studies could assess if less CT artifacts (low grade artifacts) indeed
lead to time savings during radiotherapy planning and, potentially, to enhanced tumoricidal
effects with less adverse outcomes in cases where particle therapy would be administered.

Arecentinvitro study of Kratzig et al. evaluated the susceptibility of artifacts in CT and MRI of
titanium and CF screw-rod constructs for posterior spinal stabilization using a standardized
in vitro model [34]. Here, similar manually placed 2D ROI were defined for each image, and
CT imaging with typical implant configuration for thoracic stabilization demonstrated a
significant artifact reduction in CF compared with titanium implants for the evaluation of index
structures, such as the spinal cord and the vertebra. Coherently, Depauw et al. used a water
phantom as a human tissue equivalent and reported no imaging artifacts and minimal dose
perturbation of CF compared with titanium [35]. In addition, Fleege et al. reported reduced
artifacts of CF pedicle screws in MRI scans of patients with lumbar spondylodesis [36]. The
authors calculated the surface of the artifact free vertebral body area as percentage of the
total vertebral body, and CF displayed significantly less artifacts than titanium (67.1 + 5.6%
vs. 48.3 +5.0%; p<0.01, respectively). Furthermore, Ringel et al. reported reduced artifacts of
CF spine implants compared with titanium implants and conclude that CF spine implants are
a valuable and feasible option in spine tumors where postoperative imaging and radiation
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planning are necessary [26]. Our findings, together with the previously mentioned studies,
highlight that CF spine implants show reduced artifacts compared to titanium.

The clinical relevance of the reduced artifacts after CF implementation instead of titanium
remains to be further elucidated. New treatment planning systems, which outline metallic
materials and associate an atomic number which is used for dose calculation purposes (the
density override method), correct for metallic artifacts. Therefore, metallic implants are
unlikely to impact the tumoricidal effects of SABR. However, the density override method no
longer needs to be applied with CF implants, which results in a simpler method and therefore
time savings, as well as an accurate dose distribution [37]. Besides, radiation oncologists are
increasingly interested in CF spinal instrumentation because it enables the use of particle
therapy, such as proton beam therapy, in a group of patients where it was previously impossible
dueto theimaging artifacts and perturbation effect of metallic instrumentation [38]. Several
studies have shown that the use of CF is favorable to titanium instrumentation for the use in
particle therapy. Nevelsky et al. investigated the perturbation effect of CF screws compared
to titanium screws and found a perturbation effect of less than 5% for CF screws, compared to
greater than 30% for titanium screws [39]. Mastella et al. evaluated the dosimeric perturbation
caused by CF screws compared to titanium screws and found less dose degradation caused
by CF screws, making CF more suitable for particle therapy [40]. Ultimately, this might help
achieving the goal of durable tumor control with low complication rates.

Drawbacks of CF implants include its potential challenging surgery due to its radiolucency.
However, recent research has shown CT-guided navigation of pedicle screws is possible for
instrumentation and precision assessment across the thoraco-lumbar spine [41]. Besides,
long-term postoperative results of CF implants, including the effect of radiation on the
properties of CF implants, remain to be investigated. Some also question whether availability
and costs of CFimplants could be a disadvantage. Although we are not aware of its availability,
production costs have decreased as CF composites are widely used across other industries,
and current costs of CF nails are competitive with conventional metal nails [42].

This study has several limitations. First, our objective quantitative assessment using
HU is not a perfect measurement of artifacts. Although several studies have used HU to
predict osteoporosis and artifacts, we acknowledge that HU values depend on CT scanner
configurations, depth of the measurement, location of the measurement, tissue type, implant
material and artifacts due to motion during the scan can all influence HU [34,43]. Artifacts
can be bright (high HU) or dark (low HU). Therefore, postoperative HU differences, such as our
CT artifact grading system based on postoperative HU-increase, might only be a surrogate
marker for CT artifacts. Nevertheless, this real life setting with standard clinical protocols
provides relevant clinical insights; the relatively high HU-increase after insertion of titanium
implants indicated CT artifacts, while the relatively low HU-increase after insertion of CF
implants was not associated with artifacts. A qualitative assessment by a musculoskeletal
radiologist could contribute to the validity and reliability of our study because this is generally
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seen as the ground-truth. Although not performed in this study, a qualitative analysis of
post-operative artifact-free vertebrae surface area and its ratio to pre-operative vertebrae
surface area, as done by Fleege et al., would presumably show better results in patients
treated with CF implants [36]. Another limitation is that our proposed CT artifacts grading
system is solely based on 11 patients receiving CF implants and 11 patients receiving titanium
implants. Validation is needed to assess if this HU based classification system holds promise
for assessing CT artifacts in future studies. Furthermore, our retrospective study design is
inherently susceptible to several forms of bias, including selection- and assessor bias, and
causal differences should be interpreted with caution. However, we objectively measured
carefully matched ROI and compared the hardware against itself (in different levels) and
against its own control (pre- and postoperatively). Postoperative HU differences which are
clinically relevant for the ability to assess anatomically relevant structures or metastasis/
residual tumor, improve planning (time savings) and accurate administration of newer forms
of radiotherapy, such as particle therapy, should be further examined.

Conclusion

It has been difficult to quantify the difference in computed tomography (CT) artifacts after
implementation of carbon-fiber (CF) and titanium implants. This study utilized a quantitative
technique to compare pre- and postoperative CT artifacts produced by CF and titanium
implants in patients with spinal oligometastatic disease (OMD) undergoing stereotactic
ablative radiotherapy (SABR). A greater increase in Hounsfield units (HU) was observed in the
group treated with titanium spine implants than in the group treated with CF spine implants.
This relatively high postoperative HU-increase after insertion of titanium implants indicated CT
artifacts, while the relatively low HU-increase of CF implants was not associated with artifacts.
Therefore, we propose a CT artifact grading system based on postoperative HU-increase.
This could be used in future studies to assess if less CT artifacts due to treatment with CF
implants lead to time savings during radiotherapy treatment planning and, potentially, better
tumoricidal effects and decreased adverse effects if particle therapy would be administered.
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Chapter 10

Although sarcomas are rare, they are associated with significant morbidity and mortality [1,2].
Epidemiological studies show that recurrence rates and survival did not improve over the
last decade [3]. Moreover, mortality is predicted to increase in 2025, highlighting insufficient
advancements in sarcoma treatment [4]. Consequently, innovative treatment strategies are
required to improve patient care. An emerging technique to guide surgeon’s decision making
and optimize margins is fluorescence-guided surgery (FGS), which has been explored in various
tumor types and is examined for its potential use in sarcoma surgery in part | of this thesis [5].
Once adequate tumor resection has been achieved, the next phase involves reconstruction
and fixation as tumor resections can cause large residual osseous defects and loss of soft
tissue stabilizers. In part Il of this thesis, carbon-fiber (CF) implants are evaluated as an
innovative solution for stable fixation. CF offers several material specific advantages over
traditional metal implants, particularly for the oncological population [6]. This chapter will
discuss FGS and the use of CF implants, both innovative treatment strategies in orthopedic
oncology. Initially, the clinical need and a scientifically robust workup for the implementation
of FGS in sarcoma surgery will be addressed, along with the associated challenges and future
perspectives. Subsequently, the focus will shift to the clinical need for CF implants, their
anticipated impact, and future perspectives on orthopedic oncology treatment.

Clinical need for the implementation of FGS in sarcoma surgery

The success of surgical treatment for localized sarcomas highly depends on complete
tumor resection as positive margins are associated with increased local recurrence (LR) and
decreased overall survival [7]. Yet, determining the surgical margin during surgery remains a
major challenge, particularly when tumor tissue is surrounded by vital or critical structures,
in deeper or complex anatomical regions, or in sarcoma subtypes with a highly infiltrative
growth pattern. Consequently, technologies that facilitate intraoperative decision-making to
optimize margins is becoming an urgent need. From an industry perspective, interest in such
technologies has grown substantially over the years. In 2022, the medical imaging market
was valued at 40 billion United-States dollar, and is expected to grow at a 5.5% mean annual
growth rate from 2023 to 2032, driven by technological innovations and advancements [8].
With the first randomized controlled trial for non-targeted FGS in sarcoma patients currently
in the recruitment phase (expected end date on August 30, 2026), the field is at the doorstep
of breakthroughs that could guide the surgeon’s decision making during surgery [9].

Workup for the implementation of FGS in sarcoma surgery

Achieving a clear contrast between tumor and surrounding healthy (background) tissue is
crucial for FGS. The threshold of such a tumor-to-background ratio (TBR) should at least
be 1.5 to allow for tumor identification [10]. While non-targeted FGS can illuminate some
sarcomas, the signal intensity is unreliable due to the variability of the enhanced permeability
and retention effect [11]. Hence, targeted FGS is preferred. Selecting targets overexpressed on
sarcomas, as performed in Chapter 2, is the first step for targeted FGS. IHC evaluation of these
targetsin a comparative setting using intra-patient sets of tumor and adjacent normal tissue,
as shown in Chapter 3, is an important second step. Further in vitro evaluation, as depicted
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in Chapter 5, can confirm binding specificity of a tracer directed to the selected target. Next,
topical application of the tumor-specific tracer on freshly resected tumor and adjacent healthy
tissue (Chapter 5) is a practical approach to assess tumor margins, as it circumvents the need
for expensive and time-consuming toxicology studies for human application [12]. Topical
tracers can be applied as a cream or spray to facilitate pathologists in assessing resection
margins and perform inter- and intratumoral TBR analysis [13]. Successful translation to
intravenous (IV) use can be anticipated once ex vivo topical application consistently yields
promising results. However, evaluation of biodistribution, toxicology, optimal dosage and
safety, and registration as an approved drug are required before implementation. The
subsequent clinical success depends on evidence-based effectiveness, meaning better patient
outcomes and/or an improved surgical workflow at a reasonable cost [14]. In this regard,
patient benefits should be scored by looking at short-term complication rates and long-term
outcomes across cohorts with and without use of FGS. In order to improve success rates,
characterization of the patient’s tumor surface antigen expression should become routine at
diagnosis to decide which tracer is best for FGS for each specific case before surgical resection.

Challenges and future perspectives for FGS in sarcoma surgery

The ultimate goal for targeted FGS is to identify a single target consistently expressed across all
cancer types, with minimal or no expression in adjacent healthy tissue. However, achieving this
for sarcomas is already challenging due to the significant inter- and intra-tumor heterogeneity
across subtypes [15]. Consequently, the current focus should be on specific sarcoma subtypes
that grow infiltratively, have high percentages of positive margins and high local recurrence
rates. Myxofibrosarcoma (MFS) is such an example with positive margins of 20% and LR rates
of 40% (with 10-year follow-up) [16,17]. IHC studies demonstrated that tumor endothelial
marker 1 (TEM1) was the most suitable biomarker for targeted FGS in MFS, regardless of
preoperative therapy [18,19]. Therefore, we recommend developing a TEM1 specific tracer
by conjugating a fluorescent dye to a clinically available monoclonal antibody (mAb) such as
Ontuxizumab or 1C1m (mAb fragment) [20,21]. This tracer could be a more specific alternative
than Bevacizumab-800CW, a tracer that has already been tested after IV administration in MFS
patients with promising results, but room forimprovement [22]. Translating clinically approved
mADbs to tracers is cost- and time-efficient as biodistribution, toxicology, and dosing studies
have already been performed. Moreover, a recent review emphasizes that several “off-the
shelf” targeted tracers are already available [23]. However, the large size of mAbs (150kDa)
limits tumor penetration and necessitates over 24 hours to obtain an optimal TBR [24]. In this
regard, new-generation small molecules could be adopted to increase tumor penetration
and provide an optimal TBR within hours after administration [25,26]. Still, FGS is limited by a
maximum tissue penetration depth of approximately 1 centimeter of the emitted fluorescent
light [27]. Hence, options to use another camera or detection system, such as ultrasound-
based photoacoustic three dimensional in depth imaging, are being investigated while using
the same tracer as for FGS [28]. Besides, integrating FGS with radio- or magnetic guidance
using hybrid or bi-model tracers can facilitate the detection and excision of tumors situated
deeper than 1 centimeter [29]. Yet, the combination of these technologies is complex and
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requires collaboration of multidisciplinary expert teams (including surgeons, pathologists,
radiologists, nuclear medicine physicians, technology orientated chemists and engineers) to
achieve precise intraoperative guidance and complete tumor resection [30].

Clinical need for innovative implants

Adequate tumor resections can result in osseous defects and loss of soft tissue stabilizers,
affecting function and viability of the resected site [31]. Reconstruction with biological
constructs, such as autografts and allografts, and/or orthopedic implants are often required
to maintain limb function and bone strength [32]. Traditionally, implants are made from
stainless steel and titanium alloys. However, a major disadvantage of these metal implants is
their radiodensity, which precludes accurate radiographic visualization for oncological follow-
up and impedes precise postoperative radiation planning and delivery [33]. Moreover, the
stiffness of metal (200 gigapascal [GPa] for stainless steel and 110 GPa for titanium) is much
higher than the human cortical bone (12 GPa) which shields the underlying bone from stress
and leads to reduced bone quality [34]. The introduction of CF implants, with several material
specific advantages over metal implants, represents a new option for multidisciplinary
oncology teams.

Anticipated impact of CF implants in orthopedic oncology and future perspectives

CF’s radiolucency enhances the radiological evaluation of anatomical structures and allows
for earlier detection of tumor recurrences [35]. Besides, it enables postoperative image-guided
percutaneous interventions, such as pain palliation injections or ablation procedures [36].
For radiation oncologists, CF implants are beneficial in treating primary bone tumors, which
necessitate high radiation doses for local control. In these cases, proton beam radiation
therapy (PBRT) is essential to safely deliver therapeutic doses while respecting the tolerance
of critical anatomical structures such as the spinal cord [36]. The presence of metal artifacts
poses significant challenges for the planning and delivery, and metal implants were an
independent predictor of local failure in patients with spinal chordoma treated with PBRT
[37,38]. In contrast, CF implants minimize artifacts (Chapter 9), improve radiotherapy planning,
and ensure adequate dose distribution [39]. From a surgical perspective, CF plates, nails, and
spinalimplants are safe for demanding reconstructions after tumor resections (Chapter 6 - 8)
[40]. No significant differences in operation time, perioperative bleeding, complications, and
average survival time underscore that CF is a viable alternative to metal implants [40-42].
Additionally, the modulus of elasticity of CF (13 GPa) is close to that of cortical bone, reducing
stress shielding and enhancing bone quality [43]. Despite these advantages, adaptation of CF
as standard care may face challenges due to the familiarity with metalimplants and technical
challenges. For example, the inability to bend CF implants necessitates careful preoperative
planning. Yet, custom 3D printed CF instrumentation has been introduced and may become
a valuable option for challenging reconstructions [44]. Besides, CF’s radiolucency can
complicate minimally invasive surgeries which rely heavily on fluoroscopic support for bone
and implant visualization, but radiopaque markers have been incorporated to resolve this
potential problem. Despite CF’s clear potential, future comparative international multicenter
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randomized controlled trials and cost-effectiveness studies are warranted to investigate the
impact of using CF implants, particularly focusing on the benefits of improved bone quality,
better follow-up, and the radiotherapeutic effect. For now, we recommend choosing CF
implants when postoperative radiotherapy is needed at the site of the operation and for
tumors with good prognosis for which imaging surveillance for LR is anticipated.

Overall conclusions

This thesis explored innovative treatment options in musculoskeletal tumor surgery.
Fluorescence-guided surgery (FGS) was evaluated for margin optimization in sarcoma patients.
Preclinical evaluation studies identified promising targets for targeted FGS. Additionally,
a scientific robust workflow is provided to enable a successful and cost-efficient clinical
translation of tracers for targeted FGS. With the first randomized controlled trial for non-
targeted FGS in sarcoma patients currently in the recruitment phase, the field is at the
doorstep of breakthroughs that could guide the surgeon’s decision making during surgery.
Following adequate tumor resection, the next phase involves reconstruction and fixation. In
this context, the use of carbon-fiber (CF) implants presents an innovative option with several
material specific advantages over conventional metal implants. Given their comparable safety
profile and benefits such as radiolucency, reduced stress shielding, and lack of scattering
artifacts, CF implants may become part of the standard treatment armamentarium, offering
significant advantages for oncology patients.
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SUMMARY



Chapter 11

The objective of this thesis is to improve the treatment for patients with musculoskeletal
tumors. Part | explores the potential of optimizing margins using fluorescence-guided
surgery (FGS) for sarcomas, and, after tumor resection, Part Il focuses on achieving adequate
reconstruction and stable fixation with carbon-fiber (CF) implants.

In Chapter 2, a systematic literature review is conducted to identify candidate biomarkers
that can be used for targeted FGS. Based on a target selection scoring system, the search
revealed 7 biomarkers that are abundantly present on soft tissue sarcoma tumor cells. More
specifically, tumor endothelial marker 1 (TEM1), platelet derived growth factor a (PDGFRa),
and epidermal growth factor receptor (EGFR) are identified as most promising cell surface-
expressed biomarkers for tumor-specific FGS in Myxofibrosarcoma (MFS), Undifferentiated
Soft Tissue Sarcoma (USTS), and Synovial Sarcoma (SS). Important for cost- and time-efficient
clinical translation, clinically approved monoclonal antibodies targeting the aforementioned
biomarkers are present. These antibodies can be conjugated to a fluorophore for imaging
purposes as they are expected to be safe for their use in FGS. However, biomarker expression
on adjacent healthy tissue had not been investigated yet.

In Chapter 3, animmunohistochemical (IHC) evaluation of the previously selected biomarkers
was performed on seventeen paraffin-embedded MFS samples with adjacent healthy tissue.
An objective scoring method is developed and demonstrates that TEM1 was the most suitable
biomarker for targeted FGS in MFS. This is based on a higher tumor-to-normal staining intensity
compared to other biomarkers, regardless of preoperative therapy.

In Chapter 4, FGS using Indocyanine Green (ICG) as well as targeted FGS were reviewed
for three prevalent pediatric sarcomas: Osteosarcoma (OS), Ewing Sarcoma (ES), and
Rhabdomyosarcoma (RMS). Although ICG is relatively cheap and safe, intravenous
administration might be a burden from a logistical point of view as it has to be administered
24 hours before surgery. Moreover, ICG’s signal intensity is unpredictable. False negativity
and false positivity could occur, potentially leading to under- or over-resection, resulting in
incomplete tumor resections, or increased functional impairments and wound complications.
Targeted FGS could theoretically overcome these disadvantages and might therefore be seen
as a next step towards successful intraoperative tumor delineation. An overview of potential
tumor-specific targets for OS, ES, and RMS is provided.

In Chapter 5, ES is the subject of further investigation. IHC evaluation of potential targets
is performed on a total of thirteen ES patients. Based on relatively high tumor-to-normal
expression, two proteins located on the tumor cell membrane, cluster of differentiation 99
(CD99), and cluster of differentiation 117 (CD117) are selected as most promising targets.
Additionally, disialoganglioside 2 (GD2) is considered as a promising target due to its known
high expression in ES biopsy samples and the clinical availability of an FGS tracer. Next,
anti-CD99, anti-CD117, and anti-GD2 tracers are evaluated for binding specificity using flow
cytometry and immunofluorescence microscopy. These experiments confirm high CD99
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expression, along with low/moderate CD117 and low GD2 expression, in Ewing Sarcoma cell
lines. To demonstrate the proof-of-principle, these tracers are topically applied on freshly
resected ES tumor- and adjacent healthy tissue. We conclude that CD99-targeting tracers
hold most promise for FGS in ES, while CD117 and GD2 tracers could be potential alternatives.

In Chapter 6, 13 centers retrospectively registered 96 oncological patients with a median
follow up of 35 months, who are reconstructed with CF plates between 2015 and 2021. In
total, 22 (23%) patients had complications. Mechanical complications included: 1 (1%) aseptic
loosening, 2 (2%) non-unions, and 7 (7%) structural complications such as periprosthetic
fractures or screw/plate breakages. Non-mechanical complications included 1 (1%) soft tissue
complication which was a wound dehiscence, 4 (4%) infections and 5 (5%) tumor progressions.
Pediatric complications occurred in 2 (2%) patients with a growth arrest resulting in
longitudinal or angular deformity. Due to the relatively low complication profile, this study
suggests CF plates are safe to use in demanding reconstructions after bone tumor resections.

In Chapter 7, a systematic review includes 27 studies reporting on clinical and radiological
outcomes of patients treated with CF plates. The review does not reveal a concerning number
of complications related to CF plate fixation. Therefore, CF plates appear to be a viable
alternative to metal plates. However, high-quality randomized controlled trials with long-
term follow-up are strongly recommended to provide additional evidence supporting the
use of CF plates.

In Chapter 8, 239 patients treated with CF nails for impending or complete pathological
fractures between 2013 and 2020 are analyzed for incidences and risk factors of mechanical
and non-mechanical complications with a median follow up of 17 months. Thirty-three (14%)
patients had complications. Mechanical failures included 4 (2%) structural host-bone failures,
7 (3%) implant-structural failures, and 1 (<1%) aseptic loosening of distal locking screws. Non-
mechanical failures included 8 (3%) peri-implant infections and 15 (6%) tumor progressions.
Preoperative radiation therapy at the surgical site and femur surgery are associated with
increased complication risk in all groups after adjusting for confounders in the multivariate
analysis. The 90-day and 1-year mortalities are 28% and 53%, respectively. The literature
reports comparable failure and mortality rates to conventional titanium implants, suggesting
CF nails might be a viable alternative.

In Chapter 9, artefacts on CT images in 11 patients treated with CF spinal implants are
compared with 11 patients treated with titanium spinal implants. Both patient groups showed
spinal oligometastatic disease and underwent stereotactic ablative radiotherapy. Less CT
artefacts are observed in patients treated with CF spinal implants, which could facilitate
an easier contouring phase in radiotherapy planning. Yet, future studies of randomized or
matched comparative nature are needed to assess the added clinical value of the theoretical
benefits of CF implants, such as precise radiation planning, improved bone healing, and
improved radiographic visualization of local recurrences.
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Appendix A

Dutch Summary - Nederlandse Samenvatting

Het doel van dit proefschrift is om de behandeling voor patiénten met musculoskeletale
tumoren te verbeteren. In Deel I (hoofdstuk 2 - 5) wordt onderzocht hoe chirurgische marges
geoptimaliseerd kunnen worden met behulp van fluorescentie-geleide chirurgie (FGS) bij
kwaadaardige musculoskeletale tumoren (sarcomen). Bij de resectie van musculoskeletale
tumoren kunnen botdefecten en verlies van omliggend weefsel (zoals spieren en zenuwen)
optreden, wat de functie van een lichaamsdeel kan beinvloeden. Na een resectie volgt de
reconstructie en fixatie, vaak met behulp van implantaten. In Deel Il (hoofdstuk 6 - 9) wordt
het gebruik van innovatieve koolstofvezel (CF) implantaten onderzocht wegens mogelijke
materiaal specifieke voordelen die CF biedt ten opzichte van conventionele metalen
implantaten.

In Hoofdstuk 2 wordt een systematisch literatuuronderzoek uitgevoerd om biomarkers
te identificeren die gebruikt kunnen worden voor tumor-specifieke FGS. Op basis van een
scoresysteem worden 7 biomarkers geidentificeerd die geschikt kunnen zijn voor FGS bij
wekedelensarcomen. Specifiek worden “Tumor endothelial marker 1” (TEM1), “Platelet-derived
growth factor receptor a” (PDGFRa) en “Epidermal growth factor receptor” (EGFR) als meest
veelbelovende biomarkers geidentificeerd voor Myxofibrosarcoom (MFS), ongedifferentieerd
weke delen sarcoom (USTS) en synoviaal sarcoom (SS). Voor deze biomarkers zijn al klinisch
goedgekeurde monoklonale antilichamen beschikbaar, wat belangrijk is voor kosten- en
tijdefficiénte klinische translatie. Deze therapeutische antilichamen kunnen namelijk relatief
gemakkelijk worden gebruikt voor FGS door ze te conjugeren met een fluorofoor, en er kan
worden verwacht dat ze veilig zijn. De expressie van de door ons geselecteerde biomarkers
op omliggend normaal weefsel is echter nog niet onderzocht.

In Hoofdstuk 3 wordt een immunohistochemische (IHC) evaluatie van de geselecteerde
biomarkers uitgevoerd op zeventien in paraffine ingebedde MFS-tumoren met omliggend
gezond weefsel. Een door ons ontwikkelde objectieve scoringsmethode toont aan dat TEM1
de meest geschikte biomarker is voor tumor-specifieke FGS, gebaseerd op een hogere tumor-
naar-normale kleurintensiteit vergeleken met andere biomarkers, ongeacht preoperatieve
therapie.

In Hoofdstuk 4 worden zowel niet-tumor-specifieke als tumor-specifieke FGS beoordeeld voor
drie veelvoorkomende pediatrische sarcomen: Osteosarcoom (OS), Ewing-sarcoom (ES) en
Rhabdomyosarcoom (RMS). Hoewel niet-tumor-specifieke FGS met behulp van Indocyanine
Green (ICG) relatief goedkoop en veilig is, kan intraveneuze toediening logistiek gezien
lastig zijn, omdat het ongeveer 24 uur vo6r de operatie moet worden toegediend. Daarnaast
is de signaalintensiteit van ICG onvoorspelbaar, wat kan leiden tot vals negatieve en vals
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positieve signalen. Dit kan vervolgens leiden tot resectie van te weinig of te veel weefsel,
waardoor onvolledige tumorverwijdering of verhoogde functionele beperkingen en meer
kans op wondcomplicaties kunnen ontstaan. Tumor-specifieke FGS zou deze nadelen kunnen
ondervangen en zien wij daarom als een volgende stap naar het verbeteren van chirurgische
tumor resecties. Tot slot geven wij een overzicht van potentiéle tumor-specifieke biomarkers
voor OS, ES en RMS.

In Hoofdstuk 5 wordt ES verder onderzocht. IHC-evaluaties van potentiéle biomarkers voor
tumor-specifieke FGS worden uitgevoerd op materiaal van dertien ES-patiénten. Op basis van
de relatief hoge tumor-tot-normale expressie worden twee celmembraan eiwitten, “cluster
van differentiatie 99” (CD99) en “cluster van differentiatie 117” (CD117), geselecteerd als de
meest veelbelovende doelwitten. Daarnaast wordt “disialoganglioside 2” (GD2) beschouwd
als een veelbelovend doelwit vanwege de bekende hoge expressie in ES-biopsiemateriaal
en de klinische beschikbaarheid van een FGS-tracer gericht tegen GD2. Vervolgens worden
fluorescerende tracers gericht tegen CD99, CD117 en GD2 geconstrueerd en geévalueerd op
bindingsspecificiteit met behulp van flow cytometrie en immunofluorescentie microscopie.
Deze experimenten bevestigen een hoge CD99-expressie, samen met lage tot matige expressie
van CD117 en een lage expressie van GD2 in celculturen afkomstig van ES patiénten. Om het
concept van tumor-specifieke FGS aan te tonen, worden de genoemde tracers aangebracht op
vers gereseceerd tumor- en omliggend normaal weefsel van patiénten met ES. Wij concluderen
dat tracers gericht tegen CD99 veelbelovend zijn voor FGS bij patiénten met ES, terwijl CD117-
en GD2-tracers mogelijke alternatieven zijn.

In Hoofdstuk 6 worden retrospectieve gegevens van 96 patiénten gepresenteerd die tussen
2015 en 2021 een reconstructie en fixatie met CF-platen hebben ondergaan, met een mediane
follow-up van 35 maanden. In totaal kregen 22 (23%) patiénten complicaties. Mechanische
complicaties omvatten: 1 (1%) aseptische loslating, 2 (2%) niet-geconsolideerde defectenen 7
(7%) structurele complicaties zoals plaat- of schroefbreuken. Niet-mechanische complicaties
omvatten: 1 (1%) complicatie van wekedelen (dehiscentie van de operatiewond), 4 (4%)
infecties, en 5 (5%) patiénten met lokale tumor recidieven. Bij pediatrische patiénten traden
complicaties van botgroei op bij 2 (2%) patiénten. Vanwege het relatief lage complicatieprofiel
concluderen wij dat CF-platen veilig kunnen worden gebruikt bij veeleisende reconstructies
na resecties van bottumoren.

In Hoofdstuk 7 wordt een systematisch literatuuronderzoek uitgevoerd om klinische en
radiologische uitkomsten van patiénten behandeld met CF-platen te evalueren. Deze data,
afkomstig uit 27 studies met in totaal 1297 patiénten, brengen geen verontrustend aantal
complicaties aan het licht die verband houden met CF-plaatfixatie. Wij concluderen dat CF-
platen een goed alternatief zijn voor metalen platen, maar gerandomiseerde onderzoeken
met langdurige follow-up worden sterk aanbevolen om aanvullend bewijs te leveren voor
het gebruik van CF-platen.
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In Hoofdstuk 8 analyseren wij 239 patiénten die tussen 2013 en 2020 met CF-pennen zijn
behandeld vanwege (dreigende) pathologische fracturen, met een mediane follow-up van
17 maanden. Drieéndertig (14%) patiénten kregen complicaties. Er waren mechanische
complicaties bij 12 (5%) patiénten, met onder andere structureel falen van het implantaat
en het loslaten van schroeven. Niet-mechanisch falen omvatte: 8 (3%) infecties en 15
(6%) patiénten met lokale tumor recidieven. Uit onze analyse blijkt dat preoperatieve
radiotherapie ter hoogte van de operatieplaats en femurchirurgie een verhoogd risico op
complicaties geeft. De sterfte na 90 dagen en één jaar bedroeg respectievelijk 28% en 53%.
De literatuur rapporteerde vergelijkbare complicatie- en sterftecijfers bij conventionele
metalen implantaten, wat erop wijst dat CF-pennen als een veilig alternatief kunnen worden
beschouwd.

In Hoofdstuk 9 worden de artefacten op CT-beelden vergeleken tussen 11 patiénten
die behandeld worden met CF-wervelkolom implantaten en 11 patiénten die behandeld
worden met titanium-wervelkolom implantaten. Beide patiéntengroepen hebben tumor
metastasen in de wervelkolom en ondergaan stereotactische ablatieve radiotherapie. Bij
de CF-wervelkolom implantaten groep worden minder CT-artefacten waargenomen, wat de
planning van radiotherapie kan vergemakkelijken. Desalniettemin zijn toekomstige studies
van vergelijkende aard nodig om de toegevoegde klinische waarde van CF-implantaten te
beoordelen, zoals nauwkeurige bestralingsplanning en verbeterde detectie van lokale tumor
recidieven.
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