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Simple Summary: Due to their specificity, monoclonal antibodies have significantly impacted cancer
patients’ care, becoming one of the fastest-growing classes of new drugs approved for the treatment
of solid tumors. Targeted fluorescence-guided surgery is a novel technology to better visualize tumor
residuals intraoperatively. It consists of a fluorescent molecular probe, that, once injected, lights
up the neoplastic cells during the surgical resection. In this regard, the development of an off-the-
shelf large-scale production of clinically approved, fluorescently labeled monoclonal antibodies for
targeted fluorescence-guided surgery is becoming an urgent need for oncological surgeons working in
this field. Our paper aims to present the current evidence on the clinical use of monoclonal antibodies
targeting solid adult and pediatric cancers. Particularly, we aim to define the utility, indications, doses,
and timing of administration of the most promising monoclonal antibodies to be used for targeted
fluorescence-guided surgery in oncology patients. We will also define the top three monoclonal
antibodies that could be used for targeted fluorescence-guided surgery in different solid cancers, to
set the basis of a bank of monoclonal antibodies that can be used to deliver highly individualized and
personalized surgical approaches.

Abstract: This study aims to review the status of the clinical use of monoclonal antibodies (mAbs)
that have completed or are in ongoing clinical trials for targeted fluorescence-guided surgery (T-FGS)
for the intraoperative identification of the tumor margins of extra-hematological solid tumors. For
each of them, the targeted antigen, the mAb generic/commercial name and format, and clinical
indications are presented, together with utility, doses, and the timing of administration. Based on the
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current scientific evidence in humans, the top three mAbs that could be prepared in a GMP-compliant
bank ready to be delivered for surgical purposes are proposed to speed up the translation to the
operating room and produce a few readily available “off-the-shelf” injectable fluorescent probes for
safer and more effective solid tumor resection.

Keywords: monoclonal antibodies; targeted fluorescence-guided surgery; solid malignancies; surgical
oncology; fluorophores

1. Introduction

Due to their target specificity and immunomodulatory properties, monoclonal an-
tibodies (mAbs) have significantly impacted cancer patients’ care, becoming one of the
fastest growing groups of new drugs approved for the cure of solid tumors [1]. mAbs have
been effectively used to elicit long-lasting effector responses against solid malignancies
by exploiting their unique capability of directly killing cancer cells while simultaneously
activating the host immune system [1]. As a form of radioimmunotherapy, mAbs have
also been adopted to selectively deliver high doses of radiation to tumor cells while also
reducing the exposure of the surrounding healthy tissues, thus enhancing the efficacy of
standard radiotherapy while minimizing its side effects [2].

Recently, fluorescently labeled mAbs have been used in the operating theatre to
help surgeons better visualize and remove solid tumors in real time. This has been a
revolution in the field of targeted fluorescence-guided surgery (T-FGS). Even if the adoption
of fluorescently labeled mAbs in surgical oncology is still in its infancy, its applications
are growing fast, with real potential to revolutionize the surgical field [3–10]. In this
regard, the development of an “off-the-shelf” large-scale production of clinically approved
fluorescently labeled mAbs is becoming an urgent need for oncological surgeons working
in this surgical field.

This review paper focuses on presenting clinical evidence on the use of mAbs as
the method to deliver T-FGS in adult and pediatric solid cancers. We will not consider
other targeted forms of T-FGS, which are not mAb-driven, and we will exclude solid
hematological cancers (e.g., lymphomas).

Particularly, we aim to define the utility, indications, doses, and timing of administra-
tion of the most promising mAbs to be used for T-FGS in oncology patients. Then, we will
propose the top three mAbs that could be prepared in a GMP-compliant bank ready to be
delivered for intraoperative tumor visualization.

2. Fluorescence-Guided Surgery (FGS): Non-Specific and Monoclonal Antibody
(mAb)-Targeted

FGS is an emerging imaging tool that permits surgeons to identify healthy and
pathological tissues, in real time, by intravenously delivering non-specific fluorophores
(e.g., indocyanine green (ICG), 5-aminolevulinic acid, or fluorescein sodium) or fluores-
cently labeled molecules with a particular tissue or tumor tropism (e.g., mAbs). Depending
on their route of administration, systemically administered non-specific fluorescent dyes
can be used to help surgeons identify blood, bile, and lymphatic vessels during surgery,
bridging the gap existing between preoperative anatomical imaging and patient-specific
surgical findings [11,12].

In the surgical oncology field, non-specific dyes could be employed to distinguish
neoplastic lesions from the surrounding normal tissues, by exploiting the enhanced per-
meability and retention (EPR) effects caused by the leaky nature of tumor vessels and the
compromised lymphatic drainage [3–9]. Unfortunately, non-specific dyes are often unable
to cause tumors from a diverse range of cancer types to fluoresce effectively as the EPR
effect is not homogenous or reliable.
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Besides non-specific fluorescent dyes, fluorophores have been conjugated to mAbs
to deliver T-FGS, thus enhancing the intraoperative visualization of cancer at the tumor
margins, loco-regional lymph nodes, and occult disease with high resolution and deep
tissue penetration. By binding to a specific site of the tumor antigen (i.e., epitope), fluores-
cently labeled mAbs can be administered a few days before surgery, and then visualized
using new-generation near-infrared (NIR) camera systems for endoscopic and open-field
procedures [3–9].

Building on the widespread use of non-specific FGS and ICG, biomedical device
companies have developed several NIR fluorescence platforms, which can be used to detect
mAb-based FGS [3–5,8]. Briefly, the fluorophore-conjugated mAb needs to be excited at a
specific wavelength to produce an invisible light, which will be collected at a set wavelength
range to be transformed into an image. For surgical indications, mAbs have been conjugated
to NIR dyes (e.g., IRDye800CW; wavelengths: 650–900 nm), which provide low absorption
in healthy tissue, high tumor-to-background-ratio (TBR) and tissue penetration, with low
interference from intrinsic fluorescence, especially when compared to the visible light
spectrum (wavelengths: 400–600 nm). By doing so, the non-specific tissue background can
be minimized while the tumor cells can be illuminated in real-time helping surgeons with
better visualization [3–9].

3. Monoclonal Antibodies (mAbs) Clinically Approved for the Treatment of
Extra-Hematological Solid Malignancies under Evaluation in Clinical Trials for
T-FGS Purposes

In this section, mAbs clinically approved for the treatment of extra-hematological
solid malignancies are presented. For each of them, we will report the antigen targeted,
mAb generic/commercial name and format, and clinical indication (Table 1). Then, we will
present completed or ongoing human clinical trials using mAbs for T-FGS with a focus on
indications, doses, the timing of administration, and safety profile (Table 2).

• mAbs targeting the epidermal growth factor receptor (EGFR)

The EGFR (c-ErbB1, HER1) is a 170 kDa transmembrane glycoprotein belonging to the
epidermal growth factor receptor (ErbB) family [13,14].

The members of this family of type I receptor tyrosine kinases, which also include
c-ErbB2 (HER2, neu in rodents), c-ErbB3 (HER3), and c-ErbB4 (HER4), share similari-
ties in their structure (i.e., an extracellular domain, a lipophilic transmembrane region,
an intracellular domain containing tyrosine kinase, and a carboxy-terminal region) and
function [13,14].

Despite being a monomer in its inactive form, when it is bounded by its ligands
(e.g., EGF, TNFα), EGFR forms homodimers or heterodimers with another member of its
family of receptors and activates its intracellular tyrosine kinase region. This results in
its autophosphorylation and in the initiation of a cascade of intracellular events, which
regulate tumor cell differentiation, proliferation, angiogenesis, and migration [13,14].

Several alterations in EGFR are associated with the growth and spread of different
solid tumors in humans. Hence, this surface antigen has been extensively studied over
time together with the effects of anti-EGFR mAbs on EGFR-positive tumors [13,14].

Since anti-EGFR mAbs are bound to EGFR with a higher affinity compared with its
ligands, they inhibit the subsequent activation of the tyrosine kinase-mediated cascade of
intracellular events [13,14].

Cetuximab (Erbitux) is a recombinant human/mouse chimeric IgG1 mAb that binds
to the extracellular domain of the human EGFR and, therefore, competitively inhibits EGF
and other ligand binding. The inhibition of cell proliferation, the induction of apoptosis,
and reduced matrix metalloproteinase and vascular endothelial growth factor (VEGF)
production are all results of the binding of Cetuximab to its receptor. This mAb is currently
approved for the treatment of recurrent squamous-cell carcinoma of the head and neck,
K-Ras wild-type EGFR-expressing colorectal cancer, and BRAF V600E mutation-positive
metastatic colorectal cancer. The safety and tumor specificity of Cetuximab-IRDye800CW
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as a surgical navigation tool have been successfully demonstrated in multiple in vitro and
in vivo models of human cancers, showing limited toxicity. Moreover, several early-phase
clinical trials are in progress to test the safety, efficacy, reactions, best dosage, formulation
method, and efficacy of its administration. Table 2 lists the solid tumors currently under in-
vestigation for T-FGS applications of Cetuximab-IRDye800CW, including esophageal cancer
(ClinicalTrials.gov NCT04161560), head and neck cancer (ClinicalTrials.gov NCT03134846,
NCT01987375), pancreatic adenocarcinoma (ClinicalTrials.gov NCT02736578), brain neo-
plasm (ClinicalTrials.gov NCT02855086), rectal cancer (ClinicalTrials.gov NCT04638036),
and penile cancer (ClinicalTrials.gov NCT05376202).

In 2015, Rosenthal et al. [15] published a dose escalation study of Cetuximab- IRDye800CW
enrolling 12 patients undergoing surgery for squamous-cell carcinoma of the head and
neck. This report represents a milestone in the application of tumor biology-based FGS
because it proved for the first time that commercially available mAb could be labeled with
fluorophores and safely administered to patients in order to identify in real-time solid
tumors with sharp demarcation and deep resolution. According to the study design, the
escalating doses were based on the therapeutic dose of Cetuximab (250 mg/m2): 2.5 mg/m2,
25.0 mg/m2, and 62.5 mg/m2, corresponding to the 1%, 10%, and 25% of the therapeutic
dose. Wide-field NIR imaging was performed after infusion on days 0, 1, and on the day
of surgical resection. While no severe side effects were reported, an average TBR of 5.2 in
the highest dose range helped successfully differentiate the tumor from the surrounding
healthy tissue during surgery.

Table 1. Monoclonal antibodies (mAbs) clinically approved for the treatment of solid extra-
hematological malignancies.

Antigen Drug Generic Name Drug Brand Name Format Clinical Indication

EGFR

Cetuximab Erbitux Chimeric IgG1 Squamous-Cell Carcinoma of the Head
and Neck, Colorectal Cancer

Panitumumab Vectibix Human IgG2 Colorectal Cancer

Necitumumab Portrazza Human IgG1 Squamous Non-Small-Cell Lung Cancer

HER2
Trastuzumab Herceptin Humanized IgG1 Breast Cancer

Pertuzumab Perjeta Humanized IgG1 Breast Cancer

VEGF Bevacizumab Avastin Humanized IgG1

Colorectal Cancer, Non-Squamous
Non-Small Cell Lung Cancer,

Glioblastoma, Renal-Cell Carcinoma,
Cervical Cancer, Epithelial Ovarian,
Fallopian Tube, Primary Peritoneal
Cancer, Hepatocellular Carcinoma

VEGFR2 Ramucirumab Cyramza Human IgG1

Gastric Or Gastro-Esophageal Junction
Adenocarcinoma, Non-Small-Cell Lung

Cancer, Colorectal Cancer,
Hepatocellular Carcinoma

PD-L1

Atezolizumab Tecentriq Humanized IgG1
Non-Small-Cell Lung Cancer, Small-Cell
Lung Cancer, Hepatocellular Carcinoma,
Melanoma, Alveolar Soft Part Sarcoma

Avelumab Bavencio Human IgG1 Merkel Cell Carcinoma

Durvalumab Imfinzi Human IgG1
Non-Small-Cell Lung Cancer, Small-Cell

Lung Cancer, Biliary Tract Cancer,
Hepatocellular Carcinoma

GD2
Dinutiximab Unituxin Chimeric IgG1 Neuroblastoma

Dinutiximab-beta Quarziba Chimeric IgG1 Neuroblastoma

PDGFRα Olaratumab Lartruvo Human IgG1 Soft-Tissue Sarcoma
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Table 2. Monoclonal antibodies (mAbs) conjugated to the near-infrared I (NIR-I) fluorescent dye IRDye800CW for the intraoperative imaging of solid extra-
hematological malignancies.

Drug Tumor Type Phase Recruitment
Status

Estimated
Patient

Enrollment
Dose Timing ClinicalTrials.gov

Identifier

Cetuximab-
IRDye800CW

Esophageal Cancer Phase I nd 40 1% of therapeutic dose (2.5 mg/m2); 10% of therapeutic dose (25 mg/m2); 25% of
therapeutic dose (62.5 mg/m2) (iv) 2 days before surgery NCT04161560

Head and Neck Cancer Phase I;
Phase II Recruiting 79

10 mg; 25 mg; 50 mg; 75mg unlabeled test/loading dose cetuximab + 15 mg
Cetuximab-IRDye800CW; 75 mg unlabeled test/loading dose cetuximab + 25 mg

Cetuximab-IRDye800CW (iv)
4 days before surgery NCT03134846

Head and Neck Cancer Phase I Terminated 12 10 mg; 100 mg unlabeled test/loading dose of cetuximab + 50 mg dose of
cetuximab-IRDye800 (iv) Prior to surgery NCT01987375

Pancreatic
Adenocarcinoma Phase II Terminated 10 100 mg unlabeled test/loading dose of cetuximab + 50 mg; 100 mg unlabeled

test/loading dose of cetuximab + 100 mg (iv) 2–5 days before surgery NCT02736578

Brain Neoplasm Phase I;
Phase II Terminated 10 unlabeled test/loading dose of cetuximab + 50 mg; unlabeled test/loading dose of

cetuximab + 100 mg (iv) 2–5 days before surgery NCT02855086

Rectal Cancer Phase I nd 15 75 mg unlabeled test/loading dose of cetuximab + 15 mg (iv) Prior to surgery NCT04638036

Penile Cancer Phase I Recruiting 15 15 mg unlabeled test/loading dose of cetuximab + 15 mg (iv) 2 days before surgery NCT05376202

Head and Neck Cancer Phase II Not yet
recruiting 20 75 mg unlabeled test/loading dose of cetuximab + 15 mg (iv) Prior to surgery NCT05499065

Panitumumab-
IRDye800CW

Head and Neck Cancer Phase II Recruiting 25 50 mg (iv) nd NCT04511078

Head and Neck Cancer Phase II Completed 20 50 mg (iv) 1–5 days before surgery NCT03405142

Head and Neck Cancer Phase I Completed 43 nd (iv) Prior to surgery NCT02415881

Head and Neck Cancer Phase I Completed 14 30 mg (iv) 2-5 days before surgery NCT03733210

Lung Cancer Phase I;
Phase II

Active, not
recruiting 30 nd (iv) 1–2 days or 3–5 days prior

to surgery NCT03582124

Brain Tumor Phase I;
Phase II

Not yet
recruiting 12 0.006 mg/kg; 0.25 mg/kg; 0.5 mg/kg; 1.0 (with max cap dose 50 mg) 1–5 days before surgery NCT04085887

Brain Tumor Phase I;
Phase II Recruiting 22 50 mg; 100 mg unlabeled test/loading dose of panitumumab + 50 mg; 100 mg; 100 mg

unlabeled test/loading dose of panitumumab + 100 mg (iv) 1–5 days before surgery NCT03510208

Pancreatic
Adenocarcinoma

Phase I;
Phase II

Active, not
recruiting 24

100 mg unlabeled test/loading dose of panitumumab + 25 mg; 100 mg unlabeled
test/loading dose of panitumumab + 50 mg; 100 mg unlabeled test/loading dose of

panitumumab + 75 mg; 50 mg (iv)
2–5 days before surgery NCT03384238

Bevacizumab-
IRDye800CW

Adenomatous Polyposis
Coli Phase I Completed 15 4.5 mg; 10 mg; 25 mg (iv) 3 days before endoscopy NCT02113202

Rectal Cancer Phase I Completed 30 4.5 mg (iv) 2–3 days before endoscopy NCT01972373

Breast Cancer Phase I Completed 30 4.5 mg (iv) 4 h, 2 days before imaging
and 3 days before surgery NCT01508572

Breast Cancer Phase I;
Phase II Completed 26 4.5 mg; 10 mg; 25 mg; 50 mg (iv) 3 days before surgery NCT02583568
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Table 2. Cont.

Drug Tumor Type Phase Recruitment
Status

Estimated
Patient

Enrollment
Dose Timing ClinicalTrials.gov

Identifier

Bevacizumab-
IRDye800CW

Soft-Tissue Sarcoma Phase I;
Phase II Completed 23 10 mg; 25 mg; 50 mg (iv) Prior to surgery NCT03913806

Esophageal Cancer Phase I Completed 10 4.5 mg (iv) 2 days before endoscopy NCT02129933

Esophageal Cancer Phase I Terminated 25 4.5 mg; 10 mg; 25 mg (iv) Prior to endoscopy NCT03558724

Hilar Cholangiocarcinoma Phase I;
Phase II Recruiting 12 10 mg; 25 mg; 50 mg (iv) 3 days before surgery NCT03620292

Barrett Esophagus Phase II nd 60 nd (topical) 5 min before endoscopy NCT03877601

Inverted Papilloma Phase I Active, not
recruiting 6 10 mg; 25 mg (iv) 2–4 days before surgery NCT03925285

Pancreatic Cancer Phase I;
Phase II Terminated 26 4.5 mg; 10 mg; 25 mg; 50 mg (iv) 3 days before surgery NCT02743975

Pituitary Tumor Phase I Recruiting 15 4.5 mg; 10 mg; 25 mg (iv) Prior to endoscopy NCT04212793

Girentuximab-
IRDye800CW Renal Tumor Phase I Recruiting 22 nd (iv) 7 days before surgery NCT03558724

Labetuzumab-
IRDye800CW Colorectal Cancer Phase I;

Phase II Recruiting 29 nd (iv) 6–7 days before surgery NCT03699332

Nimotuzumab-
IRDye800CW Lung Cancer Phase I;

Phase II Recruiting 36 50 mg; 100 mg (iv) 4–6 days before surgery NCT04459065
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Three years later, Miller et al. [16] used Cetuximab conjugated with IRDye800CW
for intraoperative imaging during glioblastoma resection. Two doses (50 and 100 mg)
were administered 2–5 days before surgery to identify the optimal TBR. It is worth noting
that a 100 mg loading dose of unlabeled Cetuximab was infused before the fluorescent
agent to differentiate potential adverse reactions and to saturate tissues highly expressing
EGFR (e.g., liver). Interestingly, the administered dose correlated with the TBR (mean:
3.6 vs. 4.3) and the smallest detectable tumor volume (70 mg vs. 10 mg), and so did the
specificity (66.3% vs. 69.8%) and sensitivity for viable tumor tissue (73.0% vs. 98.2%).
With the limitation of a small number of patients included, this study represents a pivotal
proof-of-principle of the feasibility, safety, and capacity of mAb-based imaging to traverse
the blood–brain barrier for contrast-enhancing glioblastomas.

Panitumumab (Vectibix) is a fully human IgG2 anti-EGFR mAb, currently used for
the treatment of patients with wild-type RAS (defined as wild-type in both KRAS and
NRAS as determined by an FDA-approved test for this use) metastatic colorectal cancer.

Panitumumab-IRDye800CW has been employed for FGS in patients with head and
neck cancer (ClinicalTrials.gov NCT04511078, NCT03405142, NCT02415881, NCT03733210),
lung cancer (ClinicalTrials.gov NCT03582124), brain tumor (ClinicalTrials.gov NCT04085887,
NCT03510208), and pancreatic adenocarcinoma (ClinicalTrials.gov NCT03384238).

In 2018, Gao et al. [17] published the results of a Phase I clinical trial enrolling 15
patients with biopsy-confirmed head and neck squamous-cell carcinoma undergoing stan-
dard surgery.

One to five days before surgery, 100 mg of unlabeled Panitumumab were administered
to patients as a loading dose to limit background. In case of no drug reaction, a dose
of 0.06 mg/kg Panitumumab-IRDye800CW (1/100 of one therapeutic dose), 0.5 mg/kg
(1/12 of one therapeutic dose), or 1 mg/kg (1/6 of one therapeutic dose) was infused. The
results of this study together with those of similar mAb-based imaging studies suggested
that Panitumumab-IRDye800CW has toxicity and pharmacodynamic profiles like the
unconjugated mAb, and that its safety profile can be exploited to design safe and effective
fluorescent imaging probes at doses up to 25% of the therapeutic one.

Moreover, by histologically correlating the tumor location with fluorescence intensities,
the authors reported a high TBR, sensitivity, specificity, positive predictive value (PPV),
and negative predictive value (NPV) of the tested optical imaging agent at both doses
(0.5 mg/kg: 9.96 ± 1.30; 80.0%; 94.8%, 42.7%, and 96.5%, respectively; 1 mg/kg: 8.85 ± 1.26;
83.7%; 72.1%; 20.6%, and 99.5%; respectively) that significantly aided in the real-time
detection of surgical resection margins of head and neck squamous-cell carcinomas.

More recently, Zhou et al. [18] investigated the use of Panitumumab-IRDye800CW,
administered at subtherapeutic doses, as a safe and effective imaging agent for high-
grade gliomas. According to the study design, 11 patients affected by contrast-enhancing
high-grade gliomas were administered Panitumumab-IRDye800CW at two doses (low:
50 mg; high: 100 mg) 1–5 days before surgery. The authors concluded that Panitumumab-
IRDye800CW was safe at both doses and provided excellent intraoperative contrast in
a dose-dependent way (smallest detectable tissue weights: 3 mg vs. 66 mm), with no
difference in the observed NIR fluorescence in tumor tissue resected among the three
imaging windows. Although viable tumor tissue could be visualized with PPV and NPV
above 85% at both doses, the highest dose provided a superior AUC compared to 50 mg
(0.90 vs. 0.85), which was thus more appropriate for real-time surgical imaging.

• mAbs targeting the vascular endothelial growth factor (VEGF)

Angiogenesis is a complex phenomenon, involving several series of events, including
the outgrowth of post-capillary vessels from pre-existing venules, vasodilation, increased
permeability, and the migration of endothelial progenitor cells. Besides the tightly regulated
process occurring during the normal growth of an organism and the tissue repair occurring
during wound healing, solid malignancies also upregulate angiogenetic processes to induce
nutrient delivery and tumor growth [19,20].
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In this regard, the protein family of VEGF has been demonstrated to play major roles in
physiological and pathological angiogenesis by providing signaling pathways and cascades
of events crucial for endothelial cell division and migration. The VEGF family consists of
six secreted proteins including VEGF-A (also known as VEGF), VEGF-B, VEGF-C, VEGF-D,
VEGF-E, and placenta-induced growth factor (PDGF), characterized by eight conserved
cysteines and functions as a homodimer structure. These ligands bind to three different, but
structurally related, VEGF-receptor (VEGFR) tyrosine kinases, essential for hematopoietic,
vascular endothelial, and lymphatic endothelial cell development [19,20].

Bevacizumab (Avastin) is a recombinant humanized anti-VEGF IgG1 mAb that con-
tains human framework regions and murine complementarity-determining regions. Beva-
cizumab binds VEGF and interferes with the interaction of VEGF with its receptors (Flt-1
and KDR) on the surface of endothelial cells, preventing angiogenetic events.

It has been approved for patients affected with metastatic colorectal cancers, unre-
sectable, locally advanced, recurrent, or metastatic non-squamous non-small-cell lung
cancers, recurrent glioblastomas, metastatic renal-cell carcinomas, persistent, recurrent, or
metastatic cervical cancers, epithelial ovarian, fallopian tube, or primary peritoneal cancers,
and unresectable or metastatic hepatocellular carcinoma.

Different treatment protocols have been described according to the different histologi-
cal subtypes, with specific guidelines and recommendations for drug infusion, dosage calcu-
lations, ortive treatment, the monitoring of vital parameters, and criteria for dose changes.

Bevacizumab-IRDye800CW has been leveraged for delivering precision surgery in
several clinical trials enrolling patients with adenomatous polyposis coli (ClinicalTri-
als.gov NCT02113202), rectal cancer (ClinicalTrials.gov NCT01972373), breast cancer (Clin-
icalTrials.gov NCT01508572), soft-tissue sarcoma (ClinicalTrials.gov NCT03913806), Bar-
rett esophagus (ClinicalTrials.gov NCT03877601), esophageal cancer (ClinicalTrials.gov
NCT02129933, NCT03558724), hilar cholangiocarcinoma (ClinicalTrials.gov NCT03620292),
inverted papilloma (ClinicalTrials.gov NCT03925285), pancreatic cancer (ClinicalTrials.gov
NCT02743975), and pituitary tumor (ClinicalTrials.gov NCT04212793).

In 2016, Harlaar et al. [21] ran a single-center feasibility study to prove the safety of
molecular FGS using Bevacizumab-IRDye800CW in seven patients with colorectal peri-
toneal metastases scheduled for cytoreductive surgery and hyperthermic intraperitoneal
chemotherapy. No serious side effects related to its administration were reported in any
of the patients enrolled receiving 4.5 mg (1 mg/mL) of the NIR fluorescent tracer 2 days
before surgery. Of interest, fluorescence was seen intraoperatively in all patients, and in
two patients, additional tumor tissues that were initially missed by the surgeons were
detected by FGS itself. Although molecular FGS was associated with more false-positive
results than expected initially (in fact, tumor tissue was detected in 27 of 51 fluorescent
areas, 53%), no residual disease was found in the absence of fluorescence.

A year later, Lamberts et al. [22] published a proof-of-principle study describing the
safety of 4.5 mg Bevacizumab-IRDye800CW in 21 patients affected with primary invasive
breast cancer eligible for primary surgery. Interestingly, none had side effects, and even
if in situ intraoperative tumor margin detection was not possible (due to the microdose
of the tracer administered) the ex vivo imaging proved to correlate well with VEGF-A
quantification and microscopic analyses of the tumor site of targeting. Further studies
adopting higher tracer doses, albeit still well below the therapeutic dosing scheme of
Bevacizumab, were therefore warranted for intraoperative in situ imaging purposes.

More recently, in 2020, J. de Jongh et al. [23] demonstrated the potential of back-table
FGS for the evaluation in the surgical theatre of the margin of locally advanced rectal
cancers following the administration of 4.5 mg of Bevacizumab-800CW 2–3 days before
surgery. The technique itself proved to be safe and feasible and showed huge potential for
guiding intraoperative decision-making with high sensitivity.

In the same year, Tjalma et al. [24] evaluated the role of quantitative fluorescence en-
doscopy targeting VEGF A to detect residual tumors after neoadjuvant chemoradiotherapy
in a first-in-human pilot by enrolling 25 patients with locally advanced rectal cancer who
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received 4.5 mg of Bevacizumab-800CW intravenously 2–3 days prior to endoscopy. Their
results demonstrated that this image-guided technique aided clinical response assessment
in the patients by showing significantly higher fluorescent signals in tumors compared
with healthy rectal tissue and fibrosis and by improving the prediction of final pathology
results in 16% of patients compared with standard MRI and white-light endoscopy. Further
studies involving more patients are warranted to realize this strategy.

• mAbs targeting carbonic anhydrase IX (CAIX)

Carbonic anhydrase IX (CAIX) is a zinc metalloprotein enzyme. CAIX belongs to the
carbonic anhydrase family. Under conditions associated with low pH, CAIX is triggered
by the hypoxia-inducible factor 1-α (HIF1-α) and is highly upregulated in environments
characterized by a low pressure of oxygen. By catalyzing the interconversion of CO2 and
HCO3

− to maintain intracellular pH homeostasis, the overexpression of CAIX contributes
to cancer cell survival. Not only does CAIX modulate the microenvironment, but it also has
a critical role in mediating tumor survival, spreading, and metastasis [25]. Hence, CAIX
has become an interesting target not only for cancer diagnosis but also for treatment. Its
expression is increased in a wide variety of solid tumors (e.g., renal-cell carcinoma, brain,
bladder, cervical, head and neck, breast, lung, sarcoma, and kidney cancers). Conversely,
its expression in normal healthy tissues is usually low [26]. It is worth noting that the Von
Hippel–Lindau mutation in clear-cell renal-cell carcinomas causes HIF1-α overexpression
on the cell surface in this group of tumors [27].

Girentuximab (Rencarex) is a chimeric IgG1 mAb that binds CAIX and triggers
antibody-dependent cell-mediated cytotoxicity (ADCC) by activating natural killer cells.

As an adjuvant treatment for high-risk clear-cell renal-cell carcinoma patients, its devel-
opment as an unconjugated antibody was suspended because it showed no clinical benefit
in a Phase III trial [28]. However, as a radioimmunoconjugate (i.e., 89Zr-Girentuximab),
its safety and tolerance were proven in all patients, with a mean administered activity of
36.7 ± 1.1 MBq (range: 34.2–38.34 MBq) in a Phase I clinical trial [29].

In 2018, Hekman et al. [30] performed a Phase I dose-escalation study investigating
the use of [111In] In-DOTA-Girentuximab-IRDye800CW in 15 patients with primary renal
mass scheduled for surgery.

Four days after the administration of [111In] In-DOTA-Girentuximab-IRDye800CW
(5, 10, 30, or 50 mg), SPECT/CT imaging was performed, whereas surgery was performed
seven days after the infusion by using a gamma probe and NIR fluorescence camera. All
CAIX-expressing tumors were visualized with SPECT/CT, and no uptake was observed in
CAIX-negative tumors, proving the high sensitivity of the probe. Interestingly, an excellent
concordance was also observed between the SPECT/CT and the NIR imaging. With a
mean TBR of 2.5 at all protein doses, all clear-cell renal-cell carcinoma could be localized
with gamma probe measurements during surgery. In summary, this Phase I study proved
the safety of the [111In]In-DOTA-Girentuximab-IRDye800CW for targeting CAIX during
clear-cell renal-cell carcinoma resection and it could be easily adopted for intraoperative
guidance and decision-making.

• mAbs targeting carcinoembryonic antigen (CEA)

Carcinoembryonic antigen (CEA) is a non-specific serum biomarker that is elevated in
various malignancies, and it is highly expressed on the surface of colorectal cancer cells in
more than 90% of all cases with a significant antigenic density. Conversely, its expression is
60 times lower on average in healthy tissue [31].

Labetuzumab (CEA-CIDE) is a humanized IgG1 mAb that has a high specificity to
CEA. It has been deeply studied as a therapeutic drug, radiotracer, and antibody–drug
conjugate for the treatment of several tumors.

A Phase I clinical trial was designed for the accurate preoperative evaluation and
subsequent intraoperative identification of all tumor deposits in patients with colorectal
peritoneal metastases undergoing cytoreductive surgery by using a dual-labeled version of
Labetuzumab, the [111In]In-DOTA-Labetuzumab-IRDye800CW probe [31].
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The results of the trial showed that [111In]In-DOTA-Labetuzumab-IRDye800CW was
safe and enabled sensitive pre- and intraoperative imaging in patients who received 10
or 50 mg of the dual-labeled anti-CEA antibody conjugate. Interestingly, the preoperative
imaging study showed previously undetected lymph node metastases in one case, while the
intraoperative fluorescence signal allowed the identification of four previously undetected
metastases in two cases. Moreover, in three patients, this multimodal imaging altered the
decision-making process and the clinical and surgical strategy. A dose-expansion study
was therefore warranted to further investigate the diagnostic accuracy and the potential
implications of this dual-labeled anti-CEA antibody conjugate for patients with peritoneal
metastases derived from colorectal cancer.

4. Monoclonal Antibodies (mAbs) Clinically Approved for the Treatment of
Extra-Hematological Solid Malignancies Not Yet under Evaluation in Clinical Trials for
T-FGS Purposes

In this section, mAbs clinically approved for the treatment of extra-hematological solid
malignancies but not yet under clinical trial for T-FGS purposes are presented. For each
of them, we will report the antigen targeted, mAb generic/commercial name and format,
and clinical indication (Table 1). The aim is to stimulate future research and company
developments in the field of T-FGS.

• mAbs targeting the epidermal growth factor receptor (EGFR)

Necitumumab (Portazza) is an anti-EGFR recombinant human mAb of the IgG1 kappa
isotype. With gemcitabine and cisplatin, it is used as a first-line treatment for patients
affected by metastatic squamous non-small-cell lung cancer.

• mAbs targeting the epidermal growth factor receptor 2 (HER2)

HER2 is a transmembrane receptor protein of 185 kDa, structurally related to the EGFR.
In HER2-overexpressing tumors, an aberrant HER2 activity results in receptor dimerization
(e.g., HER2/HER3), triggering complex intracellular signaling pathways that modulate
cancer cell survival, proliferation, mobility, and invasiveness [32].

Trastuzumab (Herceptin) is a recombinant DNA-derived humanized IgG1 mAb that
selectively binds with high affinity to the extracellular domain of HER2.

Trastuzumab is currently employed as an adjuvant treatment of HER2-overexpressing
node-positive or node-negative (ER/PR negative or with one high-risk feature) breast
cancers, in combination with paclitaxel for the first-line treatment of HER2-overexpressing
metastatic breast cancers, and as a single agent for the treatment of HER2-overexpressing
breast cancer in patients who have received one or more chemotherapy regimens for
metastatic disease. Trastuzumab is also the basics of two approved antibody–drug conju-
gates (i.e., Ado-Trastuzumab Emtansine and Trastuzumab-Deruxtecan) for patients with
HER2-positive metastatic breast cancer whose disease progresses after treatment with a
combination of anti-HER2 antibodies and a taxane.

In combination with cisplatin and capecitabine or 5-fluorouracil, it is also used for the
treatment of patients with HER2-overexpressing metastatic gastric or gastro-esophageal
junction adenocarcinoma who have not received prior treatment for metastatic disease.

Pertuzumab (Perjeta) is a recombinant humanized mAb that binds the extracellular
dimerization domain (subdomain II) of HER2. By doing so, it blocks the ligand-dependent
heterodimerization of HER2 with other HER family members (e.g., EGFR, HER3, and
HER4). By inhibiting ligand-initiated intracellular cascades through two major signal
pathways (i.e., mitogen-activated protein [MAP] kinase and phosphoinositide 3-kinase
[PI3K]), Pertuzumab results in cell growth arrest and apoptosis. Moreover, Pertuzumab is
a mediator of ADCC.

In 2017, the FDA granted regular approval to Pertuzumab for its use (i) in association
with Trastuzumab and Docetaxel, for the treatment of HER2-positive metastatic breast
cancers that had not been treated with prior anti-HER2 therapy or chemotherapy for
metastatic disease; (ii) in association with Trastuzumab and chemotherapy, as a neoadjuvant
treatment of HER2-positive, locally advanced, inflammatory, or early-stage breast cancers
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(either greater than 2 cm in diameter or node-positive); and (iii) as an adjuvant treatment of
HER2-positive early-stage breast cancers at a high risk of recurrence.

• mAbs targeting the vascular endothelial growth factor receptor 2 (VEGFR2)

VEGFR2 is a type III transmembrane kinase receptor composed of 1356 amino acids.
It is made of an extracellular region consisting of seven immunoglobulin (Ig)-like domains,
a short transmembrane domain, and an intracellular region containing a tyrosine kinase
domain, split by a 70-amino-acid insert [19,20].

In adults, VEGFR-2 is mostly expressed on vascular endothelial cells and mediates
several physiological and pathological processes driven by VEGF-A, including cell survival,
proliferation, migration, and increased vascular permeability [19,20].

Ramucirumab (Cyramza) is a recombinant human IgG1 mAb targeting the extracel-
lular domain of VEGFR2 and blocking the binding of VEGFR ligands, VEGF-A, VEGF-C,
and VEGF-D. As a consequence, Ramucirumab inhibits the ligand-stimulated activation
of VEGFR2, thereby inhibiting the ligand-induced proliferation and migration of human
endothelial cells.

Ramucirumab is currently approved for the treatment of patients with advanced or
metastatic gastric or gastro-esophageal junction adenocarcinomas, metastatic non-small-cell
lung cancers, metastatic colorectal cancers, or hepatocellular carcinomas.

• mAbs targeting platelet-derived growth factor receptor α (PDGFRα)

PDGFR-α is a receptor tyrosine kinase expressed on cells of mesenchymal origin [33,34].
Signaling through this receptor plays a role in cell proliferation, migration, mesenchymal
stem cell differentiation, and VEGF-mediated angiogenesis [33,34].

The overexpression and activating mutations of PDGFRα in tumor cells have been
demonstrated to contribute to tumor growth, metastasis, and the establishment of a tumor-
supporting microenvironment. In this regard, a range of tyrosine kinase inhibitors with
activity against PDGFRα have been investigated, aiming to reduce the proliferation and
spreading of numerous solid cancers including sarcomas [33,34].

Olaratumab (Lartruvo) is a recombinant human IgG1 mAb that binds specifically to
PDGFRα. It is used, in association with doxorubicin, for the treatment of adult patients
with soft-tissue sarcoma with a histologic subtype for which an anthracycline-containing
regimen is indicated and which is not amenable to curative treatment with radiotherapy
or surgery.

• mAbs targeting programmed death ligand-1 (PD-L1)

PD-L1 is expressed in several cell types: B cells, T cells, dendritic cells (DC), macrophages,
mast cells, placenta, vascular endothelium, pancreatic islet cells, muscle, hepatocytes, ep-
ithelium, and mesenchymal stem cells. In pathological tumor cells, PD-L1 is overexpressed
to escape immunologic surveillance and facilitate cancer growth. Several solid malignancies
including melanoma, renal-cell carcinoma, non-small-cell lung cancer, thymoma, ovarian,
and colorectal cancer express PD-L1 to create an immunosuppressive tumor microenvi-
ronment and escape T-cell cytolysis. Recently, several anti-PD-L1 mAbs have proven their
safety and efficacy in causing durable antitumor immune effects with low toxicity for solid
tumor types [35,36].

Atezolizumab (Tecentriq) is an Fc-engineered, humanized, non-glycosylated IgG1
kappa PD-L1-blocking mAb. It is clinically approved for the treatment of patients with
non-small-cell lung cancers, small-cell lung cancers, hepatocellular carcinomas, melanomas,
and alveolar soft part sarcomas.

Avelumab (Bavencio) is a human IgG1 lambda PD-L1 blocking mAb approved for
the treatment of adults and pediatric patients 12 years and older with metastatic Merkel
cell carcinomas.

Durvalumab (Imfinzi) is a human IgG1 kappa mAb that binds to PD-L1 and blocks
the interaction of PD-L1 with PD-1 and CD80. It is indicated for the treatment of adult
patients with unresectable, stage III non-small-cell lung cancer or with metastatic non-
small-cell lung cancer with no sensitizing EGFR mutations or anaplastic lymphoma kinase
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(ALK) genomic tumor aberrations. Moreover, it is approved as a first-line treatment for
adult patients with extensive-stage small-cell lung cancers or with locally advanced or
metastatic biliary tract cancer. Additional indications are represented by unresectable
hepatocellular carcinomas.

• mAbs targeting the disialoganglioside GD2

Gangliosides (e.g., GM3, GM2, GM1, and GD1) are carbohydrate-containing sph-
ingolipids highly expressed in healthy tissues. This explains why most subtypes are
unsuitable targets for cancer therapy. On the contrary, the disialoganglioside GD2 is consid-
ered a tumor-associated antigen thanks to its minimal expression in healthy human tissues
(e.g., lymphocytes, mesenchymal stem cells, dermal melanocytes, central nervous system,
and peripheral sensory nerve fibers,) and good expression in several tumors (e.g., neurob-
lastomas, melanomas, retinoblastomas, and several Ewing sarcomas), and, hence, valued
as a primary target for cancer immunotherapy [37–39] (see Figure 1). Not only its peculiar
expression profile on solid tumors, but also its role in enhanced tumor cell proliferation,
growth, motility, migration, adhesion, and invasion highlight its role for clinical targeting
this tumor antigen with mAbs for therapeutic approaches [37,38,40,41]. Based on all these
characteristics, the disialoganglioside GD2 has been ranked 12th among 75 potential targets
for anti-cancer therapy in 2009 by the U.S. National Cancer Institute [38].
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Figure 1. Conjugation of anti-GD2 monoclonal antibodies (mAbs) with IRDye800CW and in vitro
and in vivo binding experiments on neuroblastoma cells expressing the GD2 antigen.

Dinutuximab (Unituxin) is a chimeric GD2-binding mAb employed for the treatment
of children with high-risk neuroblastoma who achieve at least a partial response to prior
first-line multiagent multimodality therapy.

Dinutuximab-beta (Quarziba) is a murine-human chimeric anti-GD2 mAbs produced
in Chinese hamster ovary (CHO) cells. In May 2017, the European Commission approved
Dinutuximab-beta for the treatment of high-risk neuroblastoma in patients aged 12 months
and above who have previously received induction chemotherapy and achieved at least a
partial response followed by myeloablative therapy and stem cell transplantation. Patients
with a history of relapsed or refractory neuroblastoma with or without residual disease are
also potential candidates for its use.

5. Promising Monoclonal Antibodies (mAbs) for T-FGS Purposes Not Yet Clinically
Approved for the Treatment of Extra-Hematological Solid Tumors

• mAbs targeting the epidermal growth factor receptor (EGFR)
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Nimotuzumab (h-R3, BIOMAb EGFR, Biocon, India; TheraCIM, CIMYM Biosciences,
Canada; Theraloc, Oncoscience, Europe, CIMAher, Center of Molecular Immunology,
Havana, Cuba) is a humanized anti-EGFR mAb, that was obtained in 1996 after the genetic
modification of the parental murine molecule ior egf/r3 [42]. This mAb inhibits cell
growth and angiogenesis, activates NK cells, induces cytotoxic T cells, and stimulates DC
maturation. By hindering one of the EGFR immune-escape ways, this mAb restores MHC-I
expression on tumor cells. Nimotuzumab has been deeply examined in seven clinical trials
enrolling patients with inoperable head and neck tumors, concurrently with irradiation
alone or irradiation plus chemotherapy [42].

According to a 2009 review [43], Nimotuzumab was approved for “squamous cell
carcinoma in head and neck in India, Cuba, Argentina, Colombia, Ivory Coast, Gabon,
Ukraine, Peru, and Sri Lanka; for glioma (pediatric and adult) in Cuba, Argentina, Philip-
pines, and Ukraine; for nasopharyngeal cancer in China. It has been granted orphan drug
status for glioma in the USA and for glioma and pancreatic cancer in Europe”. In April
2014, Daiichi Sankyo announced the discontinuation of a Phase III clinical trial conducted
in Japan investigating Nimotuzumab for first-line therapy in patients with unresectable
and locally advanced squamous-cell lung cancer based on safety issues occurring in certain
patients receiving a combination of cisplatin, vinorelbine, and radiotherapy [44]. A phase
I/II clinical trial evaluating Nimotuzumab-IRDye800CW as a NIR-I imaging probe for
image-guided surgery is currently determining the safety, optimal dose, and imaging time
for lung cancer resection (ClinicalTrials.gov NCT04459065).

• mAbs targeting B7-H3 (CD276)

B7-H3 (CD276) is a member of the B7 family of immune checkpoint molecules, that
is overexpressed in cancer cells and in activated tumor-infiltrating immune cells. B7-H3’s
main function is to aid tumor cells to escape the surveillance of cytotoxic T cells and NK
cells [45].

Several studies have demonstrated that B7-H3 is involved in the growth, spreading,
and treatment resistance of several cancer types (e.g., lung cancer, colorectal cancer, breast
cancer, prostate cancer, melanoma, gastric cancer, liver cancer, cervical cancer, and brain tu-
mors), resulting in poor patient outcomes [46]. B7H3 has been also reported to be expressed
specifically in the endothelial cells of tumors but not in normal vascular endothelium [47].
The significant difference in the expression levels of this immune checkpoint between
healthy and tumor tissues can be adopted to develop targeting drugs with cancer-specific
toxicity, without harm to normal tissue. B7-H3 is, therefore, a promising target for cancer
therapy, including T-FGS. As a matter of fact, immunotherapies targeting B7-H3 have been
developing rapidly, and many ongoing clinical trials are currently investigating the safety
and efficacy profiles of this immune checkpoint molecule in cancer treatments (Clinical-
Trials.gov NCT02982941, NCT02923180, NCT02381314, NCT04630769, NCT04634825, and
NCT02475213).

6. Discussion

Several mAb-fluorophore conjugates have been effectively used for T-FGS in humans.
We believe that the three most versatile ones are Cetuximab-IRDye800CW, Panitumumab-
IRDye800CW, and Bevacizumab-IRDye800CW.

Among these three, examining the timing/dose of administration, safety profile,
and side effects, we believe that Cetuximab-IRDye800CW has reached sufficient scientific
evidence to support its role as a commercially available mAb for T-FGS in humans.

To reach the highest TBR and avoid a specific binding, Cetuximab should be adminis-
tered intravenously 2 or 3 days before surgery as an unlabeled test/loading dose, followed
by the fluorescently labeled one.

Although many solid tumor types have been investigated in clinical trials so far
(i.e., head and neck cancer, esophageal cancer, pancreatic adenocarcinoma, brain neoplasm,
rectal cancer, and penile cancer), several more can benefit from fluorescently labeled mAbs
in the future to deliver highly individualized and personalized surgical approaches.
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However, some key limitations of T-FGS have yet to be resolved.
Firstly, NIR-light penetration up to a few millimeters may limit the application of

this modality for deep-seated lesions within solid organs (including minimal residual
disease) and lymph node metastases. In this regard, more recent studies are evaluating
dye with longer excitation wavelengths (i.e., NIR-II [wavelength: 1100–1350 nm], NIR-III
[wavelength: 1600–1850 nm], and NIR-IV [wavelength: 2100–2300 nm] dyes) for achieving
higher contrast, greater sensitivity, and improved penetration depths [48,49]. Despite the
fact that no NIR-II fluorophores have been approved for clinical use in humans yet, some
NIR-I dyes (e.g., ICG) have been shown to display bright emission tails over 1000 nm. This
offers exciting opportunities for T-FGS [50].

Secondly, mAbs need to be given a few days before surgery, requiring an additional
visit to the hospital for the patient. In this regard, new-generation small molecules have
been recently developed for immunotherapy (i.e., affibodies and nanobodies), offering
exciting new opportunities in the field of T-FGS. These small molecules could be adopted
as theranostic tools to provide high-contrast images within a few hours after injection,
overcoming the slow and low tumor uptake and the limited tumor penetration compared
to traditional mAbs [51].

Thirdly, another limitation of fluorescently labeled mAbs conjugates is the quick
quenching process, which means the loss of fluorescence due to a gain in stability from
the electrons present in the fluorophore. Intraoperative sprayable targeted probes could
overcome this problem. They will be applied to the region of interest (ROI) with a simple
spray and make their clinical use simpler, more convenient, and possibly with fewer
systemic side effects [3].

Finally, a thorough characterization of cancer surface antigen expression should be-
come routine at diagnosis to decide which is the best mAb to deliver T-FGS at the time of
surgical removal (precision medicine).

7. Conclusions

In this manuscript, the status of the clinical use of mAbs in cancer surgery was
reviewed. This review aims to facilitate future research and molecular probe development
in the field of T-FGS. This field is developing fast, and there is an opportunity to speed up
the translation to the operating room by producing a few readily available “off-the-shelf”
injectable fluorescence probes effective for several solid cancers.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available in this article.

Acknowledgments: This work is supported by the NIHR Oncology Translational Research Collab-
oration (NIHR O-TRC). The views expressed are those of the authors and not necessarily those of
the NIHR or the Department of Health and Social Care. Funding statements for involved NIHR
Biomedical Research Centers: NIHR The Royal Marsden and The Institute of Cancer Research BRC:
This study represents independent research supported by the National Institute for Health Research
(NIHR) Biomedical Research Centre at The Royal Marsden NHS Foundation Trust and The Institute of
Cancer Research, London, UK. NIHR Imperial BRC: This study was supported by the NIHR Imperial
Biomedical Research Centre (BRC). The views expressed are those of the author(s) and not necessarily
those of the NIHR or the Department of Health and Social Care. NIHR University College London
Hospital BRC: This study was supported by researchers at the National Institute for Health Research
University College London Hospitals Biomedical Research Centre. NIHR Oxford BRC: This work
was supported by the NIHR Biomedical Research Centre, Oxford, UK. NIHR Cambridge BRC: This
research was supported by the NIHR Cambridge Biomedical Research Centre (BRC-1215-20014). The
views expressed are those of the authors and not necessarily those of the NIHR or the Department of
Health and Social Care. NIHR Manchester BRC: This research was supported by the NIHR Manch-
ester Biomedical Research Centre. NIHR Southampton BRC: This report is independent research
supported by the National Institute for Health Research Biomedical Research Centre Funding Scheme.
The views expressed in this publication are those of the author(s) and not necessarily those of the NHS,
the National Institute for Health Research or the Department of Health. NIHR Great Ormond Street



Cancers 2024, 16, 1045 15 of 17

Hospital BRC: All research at Great Ormond Street Hospital NHS Foundation Trust and UCL Great
Ormond Street Institute of Child Health is made possible by the NIHR Great Ormond Street Hospital
Biomedical Research Centre. The views expressed are those of the author(s) and not necessarily those
of the NHS, the NIHR or the Department of Health. NIHR Bristol BRC: This study was supported by
the NIHR Biomedical Research Centre at University Hospitals Bristol and Weston NHS Foundation
Trust and the University of Bristol. The views expressed are those of the authors and not necessarily
those of the NIHR or the Department of Health and Social Care. Guy’s and St Thomas’ BRC: This
research was supported by the National Institute for Health Research (NIHR) Biomedical Research
Centre based at Guy’s and St Thomas’ NHS Foundation Trust and King’s College London and/or the
NIHR Clinical Research Facility. The views expressed are those of the author(s) and not necessarily
those of the NHS, the NIHR or the Department of Health and Social Care. AM was supported by an
NIHR Clinician Scientist Fellowship (NIHR CS-2017-17-010).

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

References
1. Zahavi, D.; Weiner, L. Monoclonal Antibodies in Cancer Therapy. Antibodies 2020, 9, 34. [CrossRef]
2. Larson, S.M.; Carrasquillo, J.A.; Cheung, N.-K.V.; Press, O.W. Radioimmunotherapy of human tumours. Nat. Rev. Cancer 2015, 15,

347–360. [CrossRef]
3. Nagaya, T.; Nakamura, Y.A.; Choyke, P.L.; Kobayashi, H. Fluorescence-Guided Surgery. Front. Oncol. 2017, 7, 314. [CrossRef]
4. Nguyen, Q.T.; Tsien, R.Y. Fluorescence-guided surgery with live molecular navigation—A new cutting edge. Nat. Rev. Cancer

2013, 13, 653–662. [CrossRef] [PubMed]
5. Paraboschi, I.; De Coppi, P.; Stoyanov, D.; Anderson, J.; Giuliani, S. Fluorescence imaging in pediatric surgery: State-of-the-art

and future perspectives. J. Pediatr. Surg. 2021, 56, 655–662. [CrossRef]
6. Privitera, L.; Paraboschi, I.; Dixit, D.; Arthurs, O.J.; Giuliani, S. Image-guided surgery and novel intraoperative devices for

enhanced visualisation in general and paediatric surgery: A review. Innov. Surg. Sci. 2022, 6, 161–172. [CrossRef] [PubMed]
7. Tipirneni, K.E.; Warram, J.M.; Moore, L.S.; Prince, A.C.; de Boer, E.; Jani, A.H.; Wapnir, I.L.; Liao, J.C.; Bouvet, M.; Behnke, N.K.;

et al. Oncologic Procedures Amenable to Fluorescence-guided Surgery. Ann. Surg. 2017, 266, 36–47. [CrossRef] [PubMed]
8. Vahrmeijer, A.L.; Hutteman, M.; van der Vorst, J.R.; van de Velde, C.J.H.; Frangioni, J.V. Image-guided cancer surgery using

near-infrared fluorescence. Nat. Rev. Clin. Oncol. 2013, 10, 507–518. [CrossRef] [PubMed]
9. Choi, N.; Jeong, H.-S. Precision surgery for cancer: A new surgical concept in individual tumor biology-based image-guided

surgery. Precis. Future Med. 2019, 3, 116–123. [CrossRef]
10. Wang, K.; Du, Y.; Zhang, Z.; He, K.; Cheng, Z.; Yin, L.; Dong, D.; Li, C.; Li, W.; Hu, Z.; et al. Fluorescence image-guided tumour

surgery. Nat. Rev. Bioeng. 2023, 1, 161–179. [CrossRef]
11. Preziosi, A.; Paraboschi, I.; Giuliani, S. Evaluating the Development Status of Fluorescence-Guided Surgery (FGS) in Pediatric

Surgery Using the Idea, Development, Exploration, Assessment, and Long-Term Study (IDEAL) Framework. Children 2023,
10, 689. [CrossRef]

12. Ishizawa, T.; McCulloch, P.; Stassen, L.; Van Den Bos, J.; Regimbeau, J.-M.; Dembinski, J.; Schneider-Koriath, S.; Boni, L.; Aoki, T.;
Nishino, H.; et al. Assessing the development status of intraoperative fluorescence imaging for anatomy visualisation, using the
IDEAL framework. BMJ Surg. Interv. Health Technol. 2022, 4, e000156. [CrossRef]

13. Herbst, R.S.; Shin, D.M. Monoclonal antibodies to target epidermal growth factor receptor-positive tumors: A new paradigm for
cancer therapy. Cancer 2002, 94, 1593–1611. [CrossRef] [PubMed]

14. Martinelli, E.; De Palma, R.; Orditura, M.; De Vita, F.; Ciardiello, F. Anti-epidermal growth factor receptor monoclonal antibodies
in cancer therapy. Clin. Exp. Immunol. 2009, 158, 1–9. [CrossRef]

15. Rosenthal, E.L.; Warram, J.M.; de Boer, E.; Chung, T.K.; Korb, M.L.; Brandwein-Gensler, M.; Strong, T.V.; Schmalbach, C.E.;
Morlandt, A.B.; Agarwal, G.; et al. Safety and Tumor Specificity of Cetuximab-IRDye800 for Surgical Navigation in Head and
Neck Cancer. Clin. Cancer Res. 2015, 21, 3658–3666. [CrossRef]

16. Miller, S.E.; Tummers, W.S.; Teraphongphom, N.; van den Berg, N.S.; Hasan, A.; Ertsey, R.D.; Nagpal, S.; Recht, L.D.; Plowey, E.D.;
Vogel, H.; et al. First-in-human intraoperative near-infrared fluorescence imaging of glioblastoma using cetuximab-IRDye800.
J. Neurooncol. 2018, 139, 135–143. [CrossRef]

17. 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. [CrossRef]

18. Zhou, Q.; van den Berg, N.S.; Rosenthal, E.L.; Iv, M.; Zhang, M.; Vega Leonel, J.C.M.; Walters, S.; Nishio, N.; Granucci, M.;
Raymundo, R.; et al. EGFR-targeted intraoperative fluorescence imaging detects high-grade glioma with panitumumab-IRDye800
in a phase 1 clinical trial. Theranostics 2021, 11, 7130–7143. [CrossRef] [PubMed]

19. Holmes, K.; Roberts, O.L.; Thomas, A.M.; Cross, M.J. Vascular endothelial growth factor receptor-2: Structure, function,
intracellular signalling and therapeutic inhibition. Cell. Signal. 2007, 19, 2003–2012. [CrossRef] [PubMed]

https://doi.org/10.3390/antib9030034
https://doi.org/10.1038/nrc3925
https://doi.org/10.3389/fonc.2017.00314
https://doi.org/10.1038/nrc3566
https://www.ncbi.nlm.nih.gov/pubmed/23924645
https://doi.org/10.1016/j.jpedsurg.2020.08.004
https://doi.org/10.1515/iss-2021-0028
https://www.ncbi.nlm.nih.gov/pubmed/35937852
https://doi.org/10.1097/SLA.0000000000002127
https://www.ncbi.nlm.nih.gov/pubmed/28045715
https://doi.org/10.1038/nrclinonc.2013.123
https://www.ncbi.nlm.nih.gov/pubmed/23881033
https://doi.org/10.23838/pfm.2019.00072
https://doi.org/10.1038/s44222-022-00017-1
https://doi.org/10.3390/children10040689
https://doi.org/10.1136/bmjsit-2022-000156
https://doi.org/10.1002/cncr.10372
https://www.ncbi.nlm.nih.gov/pubmed/11920518
https://doi.org/10.1111/j.1365-2249.2009.03992.x
https://doi.org/10.1158/1078-0432.CCR-14-3284
https://doi.org/10.1007/s11060-018-2854-0
https://doi.org/10.7150/thno.24487
https://doi.org/10.7150/thno.60582
https://www.ncbi.nlm.nih.gov/pubmed/34158840
https://doi.org/10.1016/j.cellsig.2007.05.013
https://www.ncbi.nlm.nih.gov/pubmed/17658244


Cancers 2024, 16, 1045 16 of 17

20. Hsu, J.Y.; Wakelee, H.A. Monoclonal Antibodies Targeting Vascular Endothelial Growth Factor: Current Status and Future
Challenges in Cancer Therapy. BioDrugs 2009, 23, 289–304. [CrossRef]

21. 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. [CrossRef]

22. 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 I Feasibility Study. Clin. Cancer Res. 2017, 23, 2730–2741. [CrossRef] [PubMed]

23. 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. [CrossRef] [PubMed]

24. Tjalma, J.J.J.; Koller, M.; Linssen, M.D.; Hartmans, E.; de Jongh, S.; Jorritsma-Smit, A.; Karrenbeld, A.; de Vries, E.G.; Kleibeuker,
J.H.; Pennings, J.P.; et al. Quantitative fluorescence endoscopy: An innovative endoscopy approach to evaluate neoadjuvant
treatment response in locally advanced rectal cancer. Gut 2020, 69, 406–410. [CrossRef] [PubMed]

25. Chen, K.-T.; Seimbille, Y. New Developments in Carbonic Anhydrase IX-Targeted Fluorescence and Nuclear Imaging Agents. Int.
J. Mol. Sci. 2022, 23, 6125. [CrossRef] [PubMed]

26. Forker, L.; Gaunt, P.; Sioletic, S.; Shenjere, P.; Potter, R.; Roberts, D.; Irlam, J.; Valentine, H.; Hughes, D.; Hughes, A.; et al. The
hypoxia marker CAIX is prognostic in the UK phase III VorteX-Biobank cohort: An important resource for translational research
in soft tissue sarcoma. Br. J. Cancer 2018, 118, 698–704. [CrossRef]

27. Lai, Y.; Zeng, T.; Liang, X.; Wu, W.; Zhong, F.; Wu, W. Cell death-related molecules and biomarkers for renal cell carcinoma
targeted therapy. Cancer Cell Int. 2019, 19, 221. [CrossRef] [PubMed]

28. Chamie, K.; Donin, N.M.; Klöpfer, P.; Bevan, P.; Fall, B.; Wilhelm, O.; Störkel, S.; Said, J.; Gambla, M.; Hawkins, R.E.; et al.
Adjuvant Weekly Girentuximab Following Nephrectomy for High-Risk Renal Cell Carcinoma: The ARISER Randomized Clinical
Trial. JAMA Oncol. 2017, 3, 913. [CrossRef]

29. Merkx, R.I.J.; Lobeek, D.; Konijnenberg, M.; Jiménez-Franco, L.D.; Kluge, A.; Oosterwijk, E.; Mulders, P.F.A.; Rijpkema, M. Phase I
study to assess safety, biodistribution and radiation dosimetry for 89Zr-girentuximab in patients with renal cell carcinoma. Eur. J.
Nucl. Med. Mol. Imaging 2021, 48, 3277–3285. [CrossRef]

30. Hekman, M.C.; Rijpkema, M.; Muselaers, C.H.; Oosterwijk, E.; Hulsbergen-Van de Kaa, C.A.; Boerman, O.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. [CrossRef]

31. De Gooyer, J.M.; Elekonawo, F.M.K.; Bremers, A.J.A.; Boerman, O.C.; Aarntzen, E.H.J.G.; De Reuver, P.R.; Nagtegaal, I.D.;
Rijpkema, M.; De Wilt, J.H.W. Multimodal CEA-targeted fluorescence and radioguided cytoreductive surgery for peritoneal
metastases of colorectal origin. Nat. Commun. 2022, 13, 2621. [CrossRef]

32. Tai, W.; Mahato, R.; Cheng, K. The role of HER2 in cancer therapy and targeted drug delivery. J. Control. Release 2010, 146, 264–275.
[CrossRef]

33. Antoniou, G.; Lee, A.T.J.; Huang, P.H.; Jones, R.L. Olaratumab in soft tissue sarcoma—Current status and future perspectives.
Eur. J. Cancer 2018, 92, 33–39. [CrossRef]

34. Pender, A.; Jones, R.L. Olaratumab for the treatment of soft-tissue sarcoma. Future Oncol. 2017, 13, 2151–2157. [CrossRef]
35. Jiang, Y.; Chen, M.; Nie, H.; Yuan, Y. PD-1 and PD-L1 in cancer immunotherapy: Clinical implications and future considerations.

Hum. Vaccines Immunother. 2019, 15, 1111–1122. [CrossRef]
36. Patel, S.P.; Kurzrock, R. PD-L1 Expression as a Predictive Biomarker in Cancer Immunotherapy. Mol. Cancer Ther. 2015, 14,

847–856. [CrossRef] [PubMed]
37. Sait, S.; Modak, S. Anti-GD2 immunotherapy for neuroblastoma. Expert. Rev. Anticancer Ther. 2017, 17, 889–904. [CrossRef]

[PubMed]
38. Nazha, B.; Inal, C.; Owonikoko, T.K. Disialoganglioside GD2 Expression in Solid Tumors and Role as a Target for Cancer Therapy.

Front. Oncol. 2020, 10, 1000. [CrossRef]
39. Fisher, J.P.H.; Flutter, B.; Wesemann, F.; Frosch, J.; Rossig, C.; Gustafsson, K.; Anderson, J. Effective combination treatment

of GD2-expressing neuroblastoma and Ewing’s sarcoma using anti-GD2 ch14.18/CHO antibody with Vγ9Vδ2+ γδT cells.
OncoImmunology 2016, 5, e1025194. [CrossRef]

40. Jin, Y.; Li, Y.; Yang, X.; Tian, J. Neuroblastoma-targeting triangular gadolinium oxide nanoplates for precise excision of cancer.
Acta Biomater. 2019, 87, 223–234. [CrossRef] [PubMed]

41. 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.M.M.J.; et al. Anti-GD2-IRDye800CW as a targeted probe for fluorescence-guided surgery in neuroblastoma. Sci.
Rep. 2020, 10, 17667. [CrossRef]

42. Crombet Ramos, T.; Mestre Fernández, B.; Mazorra Herrera, Z.; Iznaga Escobar, N.E. Nimotuzumab for Patients with Inoperable
Cancer of the Head and Neck. Front. Oncol. 2020, 10, 817. [CrossRef]

43. Ramakrishnan, M.S.; Eswaraiah, A.; Crombet, T.; Piedra, P.; Saurez, G.; Iyer, H.; Arvind, A.S. Nimotuzumab, a promising
therapeutic monoclonal for treatment of tumors of epithelial origin. mAbs 2009, 1, 41–48. [CrossRef]

https://doi.org/10.2165/11317600-000000000-00000
https://doi.org/10.1016/S2468-1253(16)30082-6
https://doi.org/10.1158/1078-0432.CCR-16-0437
https://www.ncbi.nlm.nih.gov/pubmed/28119364
https://doi.org/10.2967/jnumed.119.232355
https://www.ncbi.nlm.nih.gov/pubmed/31628218
https://doi.org/10.1136/gutjnl-2019-319755
https://www.ncbi.nlm.nih.gov/pubmed/31533965
https://doi.org/10.3390/ijms23116125
https://www.ncbi.nlm.nih.gov/pubmed/35682802
https://doi.org/10.1038/bjc.2017.430
https://doi.org/10.1186/s12935-019-0939-2
https://www.ncbi.nlm.nih.gov/pubmed/31462894
https://doi.org/10.1001/jamaoncol.2016.4419
https://doi.org/10.1007/s00259-021-05271-w
https://doi.org/10.7150/thno.23335
https://doi.org/10.1038/s41467-022-29630-9
https://doi.org/10.1016/j.jconrel.2010.04.009
https://doi.org/10.1016/j.ejca.2017.12.026
https://doi.org/10.2217/fon-2017-0210
https://doi.org/10.1080/21645515.2019.1571892
https://doi.org/10.1158/1535-7163.MCT-14-0983
https://www.ncbi.nlm.nih.gov/pubmed/25695955
https://doi.org/10.1080/14737140.2017.1364995
https://www.ncbi.nlm.nih.gov/pubmed/28780888
https://doi.org/10.3389/fonc.2020.01000
https://doi.org/10.1080/2162402X.2015.1025194
https://doi.org/10.1016/j.actbio.2019.01.042
https://www.ncbi.nlm.nih.gov/pubmed/30669004
https://doi.org/10.1038/s41598-020-74464-4
https://doi.org/10.3389/fonc.2020.00817
https://doi.org/10.4161/mabs.1.1.7509


Cancers 2024, 16, 1045 17 of 17

44. Daiichi Sankyo Press Release. April 25, 2014 Daiichi Sankyo Announces Discontinuation of Phase 3 Clinical Trial in Japan of
Nimotuzumab (DE-766) in Lung Cancer. Available online: https://www.daiichisankyo.com/files/news/pressrelease/pdf/0061
15/20140425_511_E2.pdf (accessed on 25 April 2014).

45. Getu, A.A.; Tigabu, A.; Zhou, M.; Lu, J.; Fodstad, Ø.; Tan, M. New frontiers in immune checkpoint B7-H3 (CD276) research and
drug development. Mol. Cancer 2023, 22, 43. [CrossRef]

46. Zhao, B.; Li, H.; Xia, Y.; Wang, Y.; Wang, Y.; Shi, Y.; Xing, H.; Qu, T.; Wang, Y.; Ma, W. Immune checkpoint of B7-H3 in cancer:
From immunology to clinical immunotherapy. J. Hematol. Oncol. 2022, 15, 153. [CrossRef]

47. Seaman, S.; Stevens, J.; Yang, M.Y.; Logsdon, D.; Graff-Cherry, C.; St Croix, B. Genes that distinguish physiological and pathological
angiogenesis. Cancer Cell 2007, 11, 539–554. [CrossRef]

48. Privitera, L.; Waterhouse, D.J.; Preziosi, A.; Paraboschi, I.; Ogunlade, O.; Da Pieve, C.; Barisa, M.; Ogunbiyi, O.; Weitsman, G.;
Hutchinson, J.C.; et al. Short-wave infrared imaging enables high-contrast fluorescence-guided surgery in neuroblastoma. Cancer
Res. 2023, 83, 2077–2089. [CrossRef] [PubMed]

49. Carr, J.A.; Franke, D.; Caram, J.R.; Perkinson, C.F.; Saif, M.; Askoxylakis, V.; Datta, M.; Fukumura, D.; Jain, R.K.; Bawendi, M.G.;
et al. Shortwave infrared fluorescence imaging with the clinically approved near-infrared dye indocyanine green. Proc. Natl.
Acad. Sci. USA 2018, 115, 4465–4470. [CrossRef] [PubMed]

50. Hu, Z.; Fang, C.; Li, B.; Zhang, Z.; Cao, C.; Cai, M.; Su, S.; Sun, X.; Shi, X.; Li, C.; et al. First-in-human liver-tumour surgery
guided by multispectral fluorescence imaging in the visible and near-infrared-I/II windows. Nat. Biomed. Eng. 2019, 4, 259–271.
[CrossRef] [PubMed]
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