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Outline

This manuscript begins with an overview of cancer disease, describing its major hallmarks, with
a specific focus on tumor aberrant vasculature and overexpressed receptors, that can enable
respectively passive and active targeting of tumor diagnostic and therapeutic molecules. A brief
presentation of the available preclinical tumor models, including those utilized during the thesis,
is then provided. Two major sections regarding cancer diagnosis and cancer therapy follow. In
the cancer diagnosis section, in vivo tumor fluorescence imaging technique is considered in
detail, starting with the well-known fluorescence imaging in the first near infra-red (NIR-I)
window (700-900 nm) and its clinical application as fluorescence-guided surgery (FGS). An
extensive description of the emerging fluorescence imaging field in the second near infra-red
(NIR-II) region (1000-1700 nm) and its main requisites is then presented, and its superiority over
NIR-l imaging is demonstrated in preclinical rodent models. This section is concluded by restating
the need for biocompatible NIR-II fluorophores with high quantum yields, for in vivo tumor
imaging application. In the cancer therapy section, a targeted form of radiotherapy called Boron
Neutron Capture Therapy (BNCT) is described. Its history, main requirements being the boron
compounds and neutron sources, and its clinical efficacy, are presented. A subsection is
dedicated to describing clinically available theranostic boron compounds and their limitations,
followed by examples of theranostic compounds still in preclinical studies, and concluded by
reinforcing the necessity for optimal theranostic boron compounds to achieve more efficient
BNCT. Considering the use of aza-BODIPYs during the thesis, a section is devoted to the state of
the art of aza-BODIPYs use in fluorescence tumor imaging field, NIR-Il imaging in particular, and
BNCT field, in addition to the required adjustments. To address the need for optimal NIR-II dyes,
the first water-soluble aza-BODIPY emitting in the NIR-Il window was developed and its capacity
for in vivo tumor imaging is demonstrated in article 1. The mechanism of aza-BODIPY significant
tumor accumulation is then deciphered in article 2. The bioconjugation of aza-BODIPY to an
antibody and its selective tumor targeting potential is demonstrated in article 3. The efficacy of
this bioconjugated aza-BODIPY, and our next steps regarding the proof of concept of its efficacy
for NIR-II FGS, are discussed. In an attempt to develop an optimal theranostic boron compound,
the synthesis, tumor accumulation, and BNCT potential of a theranostic boron compound made
up of aza-BODIPY fluorophore coupled to a clinically used boron cage, is presented in article 4.
Enhancing the water-solubility of this compound and linking it to radioisotopes is then
deliberated. The manuscript is concluded with a brief description of the attained results and
future perspectives.



Cancer: an overview

1 Cancer: an overview

1.1 Importance of cancer management

Cancer poses a major clinical, social, and economic burden worldwide, among all other human
diseases [1]. It presents the second cause of death after ischemic heart disease, and it is predicted
to bypass it by 2030 (WHO) [2]. In 2020, 19.3 million cancer cases and 10 million cancer deaths
have been reported by the International Agency for Research on Cancer (IARC) in the world [3].
Cancer incidence and mortality are expected to further rise to 30.2 million cases and 16.3 million
deaths, by 2040 [4] (Figure 1). Considering these progressing epidemiological data regarding
cancer frequency and mortality, the significant social consequences on cancer patients and their
caregivers [5], and the huge economic expenses of cancer that were estimated by 1.16 trillion $
in 2010 [2], clearly demonstrate the necessity for national and international organizations to
cooperate and reinforce cancer prevention, diagnosis, treatment, and management. Promoting
scientific research against cancer is a key pillar for establishing this efficient and sustainable
strategy to combat cancer. Accordingly, my thesis work presents a humble attempt in this battle.

a Cancer cases b Cancer deaths
2020 2040 2020 2040
feetegeeee eteedeeiid
FEeeeteeee  eeeeeeReee
FEereeeeee  eeeedReed T IO ST T I T LT
feetefeee pieetiteed preeeieiis tieRiviee
pifeeeeeed pieeeedded
TIITITTIT jié
19.3 M 30.2 M 9.96 M 16.3 M

Figure 1: Estimated number of new cancer cases (a) and cancer deaths (b), in both sexes worldwide, from 2020 to 2040 [4].

1.2 Cancer and carcinogenesis

According to the National Cancer Institute (NIH), cancer is defined as a disease in which certain
body cells can uncontrollably grow and spread to other body parts [6].

Focusing on solid cancers, they can no longer be designated as insular masses of proliferating
cancer cells, they are rather considered as complex tissues composed of both: proliferating
cancer cells and recruited normal cells that form the tumor-associated stroma (endothelial cells,
pericytes, immune inflammatory cells, cancer-associated fibroblasts) and contribute to the tumor
development [7, 8] (Figure 2).
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Cancer Stem Cell (CSC)

Cancer-Associated Fibroblast
(CAF)

Endothelial cell (EC)

Immune Inflammatory Cells

Pericyte (PC) (ICs)

Local & Bone marrow- i ~: @

derived Stromal Stem &
Progenitor Cells

00600

Invasive Cancer Cell

Figure 2: Schematic presentation of solid tumor and its microenvironment [8].

Accordingly, cancer development or carcinogenesis can be defined as the ability of cancer cells,
present within a unique cancer microenvironment, to acquire fundamental traits called “the
hallmarks of cancer”. These hallmarks include sustaining proliferative signaling, evading growth
suppressors, resisting cell death, enabling replicative immortality, inducing angiogenesis,
activating invasion and metastasis, reprogramming energy metabolism, and evading immune
destruction [7, 8] (Figure 3). These hallmarks are briefly discussed below.

1.3 Cancer Hallmarks

Sustaining Evading
proliferative growth
signaling suppressors

Deregulating Avoiding
cellular immune
energetics destruction

Resisting Enabling
cell replicative
death immortality
Genome Tumor-
instability & promoting
mutation* inflammation*
Inducing Activating
angiogenesis invasion &
metastasis

Figure 3: The emerging hallmarks and the enabling characteristics of cancer (*) [8].
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1.3.1 Sustaining proliferative signaling

Compared to normal cells that carefully control growth-promoting signals, cancer cells
deregulate them. These growth signals majorly involve growth factors binding to cell surface
receptors, that can induce through their intracellular domain, signaling pathways of cell cycle
division and growth. To sustain proliferative signaling, cancer cells tend to produce their growth
factors and respond to them by expressing/overexpressing suitable surface receptors, a
phenomenon called autocrine proliferative stimulation [8]. They can also stimulate cells of tumor
stroma to supply them with the various growth factors [9].

Another approach to maintain proliferative signaling is through growth factor independent
constitutive activation of the receptors or the signaling pathways downstream of these receptors
induced by somatic mutations. Mutation in the Pls-kinase, a downstream receptor kinase, for
example, hyperactivates its signaling pathway [10]. In addition, defects in the negative-feedback
mechanisms that normally attenuate proliferative signaling can otherwise enhance them. A
notable example of a negative-feedback mechanism is PTEN phosphatase that counteracts Pls-
kinase activity. However, mutations in PTEN can amplify Pls-kinase activity and thus promote
tumorigenesis in cancer models [10].

1.3.2 Evading growth suppressors

Dozens of tumor suppressors have been identified, and their ability to limit cell growth and
proliferation, and induce apoptosis has been discovered. RB (retinoblastoma-associated) protein
presents a typical example of a tumor suppressor encoded protein that can integrate
extracellular and intracellular signals, and decide whether a cell can proceed or not into cell
division. Cancer cells with defects in this suppressor pathway permit persistent cell proliferation
[8, 11].

1.3.3 Resisting cell death

Programmed cell death via apoptosis is usually triggered either by DNA damages sensed by TPs3
tumor suppressor [12], or insufficient survival signals e.g. inadequate levels of insulin-growth
factor % (Igf1/2) in epithelial cells, or excessive oncogene signaling by Myc, for example [13].

To bypass apoptosis, cancer cells evolve unique strategies including loss of function of TPs;3
damage sensor, increasing the expression of survival signals (e.g. 1gf1/2 growth factor), and
antiapoptotic regulators (e.g. Bcl-2) that counterbalance the hyperactive oncoprotein signaling
[8].

1.3.4 Enabling replicative immortality

Normal cells can pass a limited number of successive cell divisions before entering into a non-
proliferative state called senescence or becoming apoptotic. This is because after each cell
division, telomers - tandem hexanucleotide repeats protecting the ends of the chromosomes-
shorten progressively and thus lose their ability to protect chromosomal DNA from end-to-end
fusions that threaten cell viability (Figure 4a).
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To counteract the continuous telomere erosion and the subsequent induction of senescence or
apoptosis observed in normal cells, cancer cells express telomerase enzyme that adds telomere
repeats at the end of the DNA. This telomerase activity permits unlimited replication of cancer
cells, without senescence or apoptosis triggering, a process called immortalization [8, 14] (Figure
4b). It is worth noting that telomerase is almost absent in normal quiescent cells.

Normal cell b Cancer cell
Telomere % Telomere %
shortening shortening

Damage Damage
response response
D ﬁ

Replicative senescence X\
Immortality

apoptosis Fusion

Mitosis

Chromosome break

Figure 4: How cancer cells enable replicative immortality. (a) Telomere shortening attained following successive normal cell
divisions induces senescence or apoptosis. (b) To overcome these later events, tumor cells express telomerase, an enzyme
maintaining telomere length [15].

1.3.5 Inducing angiogenesis

Similar to normal tissues, cancer lesions require access to nutrients and oxygen as well as the
need to evacuate metabolic wastes and carbon dioxide. To address these requirements, new
vessels are generated at the tumor site via a process called angiogenesis. The angiogenic switch
takes place early in tumor development and is governed by stimulatory and inhibitory angiogenic
regulators, such as the vascular endothelial growth factor-A (VEGF-A) and Thrombospondin-1
(TSP-1), respectively. These regulators bind to cell-surface receptors displayed on vascular
endothelial cells, and can subsequently evoke stimulatory or inhibitory angiogenic signals [16].

It is worth noting that the imbalance in these angiogenic signals leads to the generation of tumor
vasculature (neovasculature) with all its components, endothelial cells, pericytes, and the
surrounding basement membrane, being highly bizarre. Tumor vasculature possesses irregular
size and shape and lacks the arteriole-capillaries-venules organization. Endothelial cells lack tight
connections leading to leakiness (Figure 5), and pericytes being loosely attached to the
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endothelial cells weaken the vessel walls and increase hemorrhage risk. In addition, the
surrounding basement membrane owns irregular thickness, focal holes, and extension into the
tumor stroma [17].

ey A ) : ‘. ¢ "fﬁl
Figure 5: Scanning electron m/crographs of normal (a) and tumor blood (b) vessels demonstratmg that the smooth, tight
endothelial cells monolayer is hugely disabled in tumor vasculature. Scale bar indicates 10 um [17].

1.3.6 Activating invasion and metastasis

As cancer progress into high-grade malignancy, an epithelial-mesenchymal transition (EMT) is
implicated in the induction of invasion and metastasis. EMT transition involves alteration in
cancer cells shape (from polygonal/epithelial to spindly/fibroblastic morphology), loss of cell-cell
and cell-extracellular matrix attachment (e.g. the downregulation or mutational inactivation of
E-cadherin cell-to-cell adhesion molecule that is responsible for epithelial cells sheets assembly)
(Figure 6a), and the expression of matrix-degrading enzymes [8, 18]. As a result of this transition,
a multistep invasion-metastasis process is triggered (Figure 6b), starting by cancer cells local
invasion, intravasation into the blood and lymphatic vessels, circulation within these vessels,
arrest in capillary beds, extravasation into distant tissues parenchyma, formation of small
micrometastases and their growth into macroscopic tumors, by a process called colonization
[19].

Epithelial Mesenchymal
| W mu‘ \\“l w H/H\”W\"\'l Epithelial-mesenchymal transition
i '

’ >
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1) Invasion

Primary tumor site ! Metastasis site

5) Colonization

~ YT

Figure 6: Schematic view presenting the epithelial-mesenchymal transition (a) and the multistep metastasis process including
cancer cells invasion, intravasation, circulation, extravasation, and colonization (b) [20].

1.3.7 Reprogramming energy metabolism

The unlimited proliferation of cancer cells requires adjustment in cell energy metabolism, to fuel
these excessive cell divisions. Under aerobic conditions, normal cells process glucose into
pyruvate via glycolysis, then ATP is produced by mitochondrial oxidative phosphorylation. Under
anaerobic conditions, glycolysis is favored and a low amount of pyruvate is transferred into the
mitochondria. However, in cancer cells even in the presence of oxygen, glucose metabolism is
reprogramed and glycolysis is favored [21] (Figure 7). This metabolic switch involves the
upregulation of glucose transporters (e.g. GLUT1) [22] and is explained by the hypothesis that
the glycolytic intermediates are implicated in nucleosides and amino acids generation, which are
required for the biosynthesis and the assembly of new cells [23].

NORMAL CELL CANCER CELL

Q

glucose  glycose glucose

Figure 7: Glucose metabolism in normal and cancer cells. 1: Oxidative phosphorylation, 2: Anaerobic glycolysis, 3: Aerobic
glycolysis [24].
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1.3.8 Evading immune destruction

Considering the theory that body cells and tissues are under continuous immune surveillance,
the development of tumors implies that tumor cells were able to evade immune destruction. This
could be achieved by recruiting immunosuppressive inflammatory cells such as regulatory T cells
[25] and secreting TGF-B (Transforming Growth Factor Beta) that paralyze cytotoxic T-
lymphocytes and natural killers’ activities [26], for example (Figure 8).

CD8* T cell
Macrophage

NK cell —/_( Y O
—{ ox ~r

Tumor cell

Elimination
(Cancer immunosurveillance)

|

CD8* T cell Tumor cell

Protection

CD8* T cell
Tumor cell

Escape

\ (Cancer progression) /

Figure 8: Schematic illustration of immune system evasion by cancer cells [27].

To conclude, the discussed hallmarks describe the capabilities acquired by tumors during their
multistep development and provide a solid basis for the understanding of
tumors/cancers/carcinogenesis complexity.
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1.4 Cancer targeting

Considering the different cancer hallmarks, it is evident that tumors possess unique, peculiar
characteristics compared to normal tissues. These distinctive characteristics can provide major
targets for diagnostic and therapeutic approaches.

1.4.1 EPR effect-mediated tumor targeting/ Passive targeting
Given the aberrant tumor vasculature discussed earlier, the notion of “enhanced permeability
and retention (EPR) effect” was discovered, and described as the preferential tumor
accumulation of molecules and their prolonged retention, due to leaky tumor vasculature and
poor lymphatic drainage respectively [28] (Figure 9). Several antitumor therapeutics have their
tumor-targeting capacities mediated by the EPR effect, such as Doxil®, an FDA-approved
liposome encapsulating doxorubicin, used for AIDS-related Kaposi's sarcoma, ovarian cancer, and
multiple myeloma treatment [29].

Normal vasculature Tumor vasculature

Intact basement membrane Irregularly thick basement membrane

j“ r /‘7 Poor pericyte coverage

High pericyte coverage ﬂ( ; / ®
! : e > Macromolecules

' @\ (10-200 nm)

Lymphatic vessel — N /| T e N
® . .

Low permeability @~ —— % ® : 5 ® High permeability

\ : 1/

S ) i S ¢

Normal endothelial cells N " @

\ o i @

\ | ® O
;5.«: ;(p Tumor endothelial cells

Figure 9: Schematic illustration of the enhanced permeability and retention (EPR) effect present within tumors, due to leaky tumor
vasculature and poor lymphatic drainage [30].

Yet, EPR effect-mediated tumor-targeting provides variable response rates and modest tumor
specificity (20-30% increase in tumor delivery compared to normal tissues) [31]. This sub-optimal
efficiency is attributed to the intra- and inter-tumor heterogenicity in size, type, and vasculature
status. Highly vascularized tumors such as hepatocellular carcinoma exhibit a greater EPR effect
compared to tumors with a low vascular density such as prostate cancer. Additionally, large
tumor masses with necrotic cores could induce a low EPR effect due to their damaged vasculature
[32]. On the other hand, molecules' size, shape, and surface charge can greatly affect their EPR-
targeting capacity. Molecules of 10-200 nm diameter (or 40-800 kDa [29]) are considered of
optimal size, to avoid renal excretion (molecules <6 nm) and limit liver/ reticuloendothelial
system (RES) uptake (molecules >300 nm) [31]. In addition, molecules with neutral net charges
are more favorable, as highly charged molecules could be recognized by the RES [31]. Therefore,
an appropriate design of molecules for EPR-mediated tumor targeting is required to maintain
longer circulation time, avoid rapid clearance, target well the tumor and attain optimal diagnostic
or therapeutic efficacy.
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1.4.2 Active targeting: example of the HER2 receptor

Bearing in mind the cancer hallmarks, several receptors, growth factors, and downstream
receptor kinases become overexpressed or mutated during carcinogenesis [8]. These tumor-
specific alterations provide significant molecular targets for cancer diagnosis and therapy [33].
Focusing on tumor overexpressed receptors, active targeting of tumors could be achieved using
ligands possessing high specificity to these overexpressed receptors, including small molecules
(e.g. folic acid targeting folic acid receptor), peptides (e.g. RGD peptide targeting a,ps integrin),
proteins (e.g. transferrin targeting transferrin receptor), and antibodies (e.g. Trastuzumab
antibody targeting HER2 receptor) [29] (Figure 10).

Compared to passive targeting, active targeting provides selective accumulation at the target site
while reducing non-specific events. It can also contribute to 75% of tumor-targeting compared
to 25% achieved by the EPR effect alone [29].

Targeting

@) O ligand
u Overexpressed
receptor

Ligand @

Receptor

Normal cell Cancer cell

Figure 10: Schematic illustration of receptor-mediated active targeting of tumors, governed by tumor cells overexpression of
surface receptors (Created with BioRender.com).

HER2 is a member of the human epidermal growth factor receptor family (HER family) consisting
of HER1, 2, 3, and 4. It is a transmembrane tyrosine kinase receptor whose activation results in
the induction of cell survival and proliferation signaling pathways, such as the mitogen-activated
protein kinase (MAPK) pathway and the phosphoinositide-3-kinase (PI3K/Akt) pathway [34].
Overexpression of HER2 has been reported in 25-30% of breast and ovarian cancers, and it was
associated with worse biological behavior/patient prognosis [35]. Accordingly, researchers have
focused on the development of tumor diagnostic and therapeutic approaches via HER2 receptor
targeting [36, 37].

Regarding therapy, several HER2-targeted therapies are clinically available. Trastuzumab, a HER2
specific antibody was developed and FDA approved for the treatment of HER2-overexpressing
breast cancers, in 1998 [38]. The anticancer activity of trastuzumab was attributed to the
inhibition of HER2 dimerization and subsequent signaling pathways [39] (Figure 11a), the down
regulation of HER2 receptor by endocytosis (Figure 11b), and the induction of cell lysis via
antibody-dependent cellular cytotoxicity (ADCC) [40] (Figure 11c). Despite the clinical significance
of Trastuzumab, some patients experienced progression and others developed resistance. This
led to the development of the antibody-drug conjugate i.e. Trastuzumab-DM1, by coupling
Trastuzumab to a microtubule disrupting drug (DM1). Trastuzumab-DM1 was able to selectively

17



Cancer: an overview

deliver DM1 into HER2-overexpressing cells thus inducing apoptosis (Figure 12b). It was also able
to maintain HER2 signaling inhibition (Figure 12a) and ADCC induction (Figure 12c). Thus,
Trastuzumab-DM1 was effective for patients developing Trastuzumab resistance [41]. On the
other hand, Lapatinib a small molecule inhibitor of HER2 tyrosine kinase phosphorylation has
been also FDA approved for the treatment of breast cancer patients [42] (Figure 13).

Immune cell

HER1, HER2, = HER2
HER3, or HER4

Trastuzumab i

@ Immune

attack

Tumor-cell lysis

Signal-transduction
pathways

HER2 degradation Tumor cell

Figure 11: Trastuzumab, a monoclonal antibody specific to the HER2 receptor, mechanisms of action. (a) Trastuzumab can prevent
the dimerization of HER2 receptors thus inhibiting downstream signaling pathways involved in cell survival and proliferation. (b)
Trastuzumab can downregulate HER2 expression by endocytosis. (c) It can also recruit immune cells that induce antibody-
dependent cellular cytotoxicity and lysis [43].
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Figure 12: Trastuzumab-DM1, a conjugate of trastuzumab monoclonal antibody with the microtubule disrupting drug DM1,
mechanisms of action. Similar to trastuzumab, (a) trastuzumab-DM1 can prevent the dimerization of HER2 receptor and the
downstream signaling, (c) and it can induce antibody-dependent cellular cytotoxicity and lysis. (b) Trastuzumab-DM1 can be also
internalized and degraded, releasing DM1 drug into the cytoplasm, thus inhibiting microtubule polymerization and inducing
apoptosis (Created with BioRender.com).
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Figure 13: Lapatinib, a small molecule inhibitor of the HER2 receptor, mechanism of action. Upon HER receptors dimerization,
ATP-mediated autophosphorylation activates signaling pathways involved in cell proliferation and survival. Lapatinib prevents
phosphorylation and the subsequent signaling events, thus inhibiting cell proliferation and inducing apoptosis (Created with
BioRender.com).
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For HER2-targeted therapy to succeed, HER2 expression status should be accurately
characterized first. Nowadays, HER2 status is determined by immunohistochemistry and
fluorescence in situ hybridization techniques, performed on biopsied tissues [44]. In addition to
being invasive, these small-sized biopsies may not be representative of the heterogenicity
between various tumor lesions within the patient. Thus, the need for more accurate, non-
invasive techniques to assess HER2 status, favored the development of radiolabeled Trastuzumab
that can be visualized using radiological molecular imaging techniques (positron emission
tomography PET, single photon emission computed tomography SPECT). The first-in-human
clinical trial of 8Zr-Trastuzumab PET imaging demonstrated excellent tumor uptake and
visualization of HER2-positive breast cancer metastatic lesions [45] (Figure 14). Other
radiolabeled antibodies and antibody fragments have been also reported for HER2 PET and SPECT
imaging [36].

Figure 14: A HER2 positive brain lesion revealed by 89Zr-Trastuzumab PET imaging (a) and confirmed by MRI imaging (b) [45].

During the thesis work, both passive and active targeting, through HER2 receptor, of tumor
diagnostic and therapeutic molecules were implicated
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2 Preclinical cancer models

Preclinical cancer models have been developed to decipher and better understand cancer
biology, as well as to assess novel diagnostic and therapeutic approaches [46]. No ideal cancer
model exists, each model has its advantages and drawbacks, and the appropriate choice depends
on the scientific question to be answered. The available tumor models, with their positive and
negative sides, are discussed below.

2.1 In vitro tumor models: (2D) and (3D) tumor cell cultures

In two-dimensional (2D) cell cultures, tumor cells grow as a monolayer adhering to flat plastic
surfaces such as culture flasks or petri dishes (Figure 15a). The simplicity, reproducibility, and low
cost of this model allowed its wide use. However, the absence of cell-cell and cell-extracellular
environment interactions, the unlimited availability of oxygen, nutrients, and metabolites, and
the alterations of cellular morphology, polarity, phenotype, and function, rendered it far away
from mimicking the natural tumor structure and microenvironment. To overcome these pitfalls,
three-dimensional (3D) cell cultures have been developed, based on the ability of tumor cells to
form spheroid-like structures of multiple cellular layers, when cultured in non-adherent plates,
or cultures of gel-like substances, or on scaffolds [47] (Figure 15b). These 3D cultures mimic well
the morphology, polarity, and behavior of solid tumor masses in vivo [47, 48]. However, being
more expensive, time, and labor-consuming compared to 2D cultures, limits their extensive use
(Table 1).

Table 1: Comparison between 2D and 3D tumor cell cultures characteristics [47].

2D tumor cell culture 3D tumor cell culture
Culture quality Simple, reproducible, easy to interpret  Challenging to carry out, limited
reproducibility, difficult to interpret
Cost Cheap More expensive requirements
Duration of culture formation Minutes to a few hours Few hours to days
In vivo mimicking Do not mimic natural tumor Mimic tumor architecture
architecture
Cell interactions Absence of cell-cell and cell- Presence of cell-cell and cell-
extracellular interactions extracellular interactions
Cell characteristics Altered morphology, phenotype, and Preserved morphology, phenotype, and
polarity polarity
Access to essential elements Unlimited access to nutrients, oxygen, Variable access to nutrients, oxygen,
and metabolites and metabolites
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Figure 15: Bright field images of U87MG tumor cells cultured in 2D (a) and 3D (b). Scale bars represent 10 and 100 um respectively.

2.2 In ovo tumor model: chorioallantoic membrane (CAM)
assay

In this model, tumor cells (tumor cell lines or patient-derived tumor cells) are implanted on the
nutrient-rich membrane surrounding chicken embryos, named the chorioallantoic membrane
(CAM) (Figure 16). Rapid tumor growth within 3-4 days can be achieved, with close resemblance
to patients’ tumors, in terms of the established tumor microenvironment (extracellular matrix,
stromal cells, tumor vasculature). This fast tumor development is owed to the highly vascularized
CAM membrane, responsible for gas, nutrients, and electrolyte exchange, in addition to the non-
well-established immune system [49]. Being a cheap, quick, and easy to manipulate in vivo
system that doesn’t require ethical approval (CAM assay is not considered as an animal
experiment), presents its main advantages. Despite this, the limited time window before egg
hatching (21 days being the entire egg development lifespan), the extreme sensitivity to
environmental factors (oxygen availability, pH, temperature), and contamination risks, are the
main drawbacks of this model [50, 51] (Table 2).

a Human cancer cells Air chamber b

CAM epithelium

Basement membrane U87MG tumor

Upper CAM

Lower CAM

Figure 16: (a) Schematic representation of the in ovo CAM tumor model [51]. (b) Photograph of a fertilized chicken egg-bearing
U87MG tumor on the upper CAM, at day 15, four days following tumor cells implantation.
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Table 2: Comparison between the in ovo CAM and mice tumor models [51].

A G
) |
In ovo tumor model In vivo mouse tumor model

Duration of tumor development 3-5 days, maximum 7 days > 4 weeks
Cost Low cost (3-4 €/egg) High cost (40-120 €/mouse)
Ethical permission No approval from the ethics committee  Approval from the ethics committee

needed needed
Throughput High throughput with a large number of A limited number of samples

samples
In vivo tumor resemblance + +/++ (depending on the mouse model)
Life span Very short (21 days) Long (1-3 years)
Robustness Sensitive/ fragile Robust

2.3 In vivo tumor models: mouse tumor models

Compared to other animal tumor models, mouse tumor models have been widely utilized in
cancer research due to their superior advantages, including their small size, inexpensive
maintenance, rapid production, large litters, and their ability to be genetically modified [52].
Mouse tumor models can be divided into xenograft, syngeneic, chemically induced, and
genetically engineered cancer models.

2.3.1 Xenograft mouse cancer model

In standard mouse xenograft cancer models, established human tumor cell lines are implanted
into immunocompromised/immune-deficient mice, and according to their implantation site,
ectopic and orthotopic models can be defined.

2.3.1.1 Ectopic xenograft model

Figure 17: Schematic view of ectopic (subcutaneous) glioblastoma xenograft, generated by implanting human glioblastoma cell
line under the skin of an immunocompromised mouse (Created with BioRender.com).

In ectopic models, human tumor cell lines are implanted in a different location than the natural
tumor development site, mainly under the skin of immune-deficient mice (Figure 17). Being cost-
and time-effective, reproducible, and suitable for a wide range of tumor cell types, allowed its
use for early-stage pharmacological screening, and evaluation of drugs’ anti-tumor efficacy.
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Despite these uses, ectopic models possess limited clinical predictability due to the cancer cell
lines histological and genetic dissimilarities with primary tumors, in addition, to the non-
physiological location of tumor growth, and the absence of tumor interaction with stroma
microenvironment (endothelial cells, inflammatory cells, tumor-associated fibroblasts, matrix
proteins) [53, 54].

2.3.1.2 Orthotopic xenograft model

Figure 18: Schematic view of an orthotopic glioblastoma xenograft, generated by implanting a human glioblastoma cell line into
the brain of an immunocompromised mouse (Created with BioRender.com).

In orthotopic models, human tumor cell lines are implanted in the organ of tumor origin, of
immune-deficient mice (Figure 18). This provides a better resemblance to the pathological
phenotype/physiology and allows an accurate reconstitution of the tumor microenvironment,
which in turn influences tumor proliferation, angiogenesis, invasion, and metastasis. Accordingly,
orthotopic models can offer moderate clinical predictability as compared to ectopic ones and can
be used for the mid-late stages of drug discovery. Yet, orthotopic models still suffer from the use
of tumor cell lines, the technical difficulties encountered during tumor implantation and
monitoring (imaging is required), the long tumor development time, and possible animal losses
during surgical implantations that might be complex/painful (e.g. brain, head and neck, bone
tumors...) [53, 54].

2.3.1.3 Patient-derived xenograft (PDX) model
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Figure 19: Schematic view of patient-derived glioblastoma xenograft model, generated by implanting processed human tumors
into ectopic or orthotopic sites of immunocompromised mice (Created with BioRender.com).

To address the issues of using established tumor cell lines, patient-derived xenograft (PDX) model
has been developed. PDX model is based on transplanting primary tumors directly isolated from
patients into immune-deficient mice (Figure 19). This model can be maintained by passing the
tumor from one mouse to another, with a recommended passage number (<10), to maintain the
genetic integrity of the original tumor. Both ectopic and orthotopic PDX can be developed. The
consistency of genetics, morphology, response to therapy between PDX and primary tumors, and
the maintenance of stroma-tumor interaction have demonstrated the high predictive capacity of
the PDX model for mid-late drug discovery stages. Yet, the access to fresh primary tumors, the
high cost, the required passage skills, the long latency period (2-12 months) required for PDX
establishment, the variable engraftment rates (23-75%), and the fact that most established PDX
models are of high-grade late-stage tumors, have limited its wide spread [54-56].

All the discussed xenograft models possess a common characteristic which is the lack of immune
system surveillance.

2.3.2 Syngeneic mouse cancer model
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Figure 20: Schematic view of ectopic (a) and orthotopic (b) glioblastoma syngeneic mouse models, generated by implanting mouse
glioblastoma cell line under the skin or into the brain of immunocompetent mice, respectively (Created with BioRender.com).

In the syngeneic cancer model, mouse tumor cells or fragments are implanted into
immunocompetent mice of the same genetic background [57]. Both ectopic and orthotopic
implantations can be achieved (Figure 20). These models are mainly utilized to study the
influence of the immune system on tumor development and tumor response to therapies [54].
The main limitation of this model is the use of mouse tumor cells.
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2.3.3 Genetically engineered mouse cancer model

1 y72

Figure 21: Schematic view of genetically engineered glioblastoma mouse model, generated in an immunocompetent mouse
(Created with BioRender.com).

Spontaneous cancers can develop in immune-competent mice by genetic activation of tumor
oncogenes or genetic inactivation of tumor suppressor genes [52, 58] (Figure 21). Due to the
presence of tumor-stroma interactions and an active immune system, this model resembles
human cancers under physiological conditions, thus providing a predictive tumor model.
However, the heterogeneity in tumor frequency and development time, the high cost and effort,
and the need for imaging systems to monitor tumor growth have restricted its use for mid-late
stages of drug discovery [54].

2.3.4 Chemically-induced mouse cancer model
| > { \

S
%

Figure 22: Schematic view of chemically induced glioblastoma model, generated in an immunocompetent mouse (Created with
BioRender.com).

This model induces specific cancers by exposing immunocompetent mice to carcinogens [58]
(Figure 22). It provides a clinically relevant model for time-dependent, multi-stage monitoring of
tumor pathogenesis. This relevance is owed to the histological, molecular, and phenotypic
similarities with human cancers, the availability of stroma-tumor interactions, and immune
surveillance. However, the long-time frame (5-50 weeks), the cost of animal maintenance, the
need for imaging modalities to monitor tumor lesions and sequencing to identify the induced
mutation, and the safety concerns regarding carcinogen handling, have limited its use to late-
stage drug discovery [54].

Companion animals (e.g. dogs, cats) [58] and non-human primates (e.g. rhesus macaques) [59]

present valuable late-stage preclinical tumor models, that bridge the gap between early
preclinical tumor models and human clinical investigations.
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As early preclinical tumor models, i.e. in vitro, in ovo, and in vivo mouse models were the only
utilized models during the thesis, late-stage preclinical tumor models will not be described in this
manuscript.

2.4 Conclusion

To conclude, each preclinical tumor model possesses unique strengths and weaknesses in
mimicking human tumors (Table 1, Table 2, Table 3), tumor-associated mechanisms
(angiogenesis, invasion, metastasis), and response to diagnostic and therapeutic molecules.
These models should be viewed as a set of biological tools that can be optimally utilized at the
various stages of drug discovery, and that the appropriate model selection depends on its clinical
predictability, data relevance, cost, time, and effort required for its establishment (Figure 23).
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Figure 23: Tumor models utilized during drug discovery (Created with BioRender.com).
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Table 3: The different mouse cancer models: characteristics and applications in oncology and drug discovery [54].

Preclinical cancer models

Stage of
Cancer Clinical ?;i:aggnostic
Mouse Type Host Primary features Strengths Weaknesses Utility X e L
Model predictability therapeutic
molecule)
discovery
Xenograft Ectopic Immuno- Implantation of - Cost- and time- - Cancer cell lines - Assessment of Limited Early-stage
Cancer deficient human tumor effective histological and pharmacokinetics/ clinical
model mice cells in a different - Reproducible genetic dissimilarities, pharmacodynamics, predictability
location than the - Suitable for a wide and heterogenicity and anti-tumor efficacy
natural tumor range of tumor cell loss compared to of new molecules
development site types primary tumors
- Non-physiological
location of tumor
growth
- Absence of tumor
interaction with
stroma
microenvironment
- Low or absent
metastatic rate
Orthotopic  Immuno- Implantation of - Reconstitution of the - Cancer cell lines - Evaluation of new Moderate Mid-late
deficient human tumor tumor histological and molecules effects on clinical stages of
mice cells in the organ microenvironment genetic dissimilarities, primary tumors (within  predictivity drug
of tumor origin and stroma-tumor and heterogenicity proper discovery
interactions loss compared to microenvironment) (especially
- High metastatic rate primary tumors and metastatic ones for
- Technical difficulties metastatic
in tumor implantation disease)
and monitoring
(imaging is required)
- Possible animal loss
during surgical
implantation
Syngeneic Ectopic/ Immuno- Implantation of - Immune system - The use of mouse - Assessment of immune  Limited Early
Orthotopic competent mouse tumor surveillance tumor cell lines which system influence on (ectopic)/ (ectopic)/
mice cells/fragments in are genetically cancer development Moderate Mid-late
mice of same different from human and response to (orthotopic) stage
genetic cells therapies clinical (orthotopic)

background, at
tumor origin or
different location

predictability
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Patient- Ectopic/ Immuno- Implantation of - Consistency of - Access for fresh - Evaluation of new Highly Mid-late
derived Orthotopic  deficient primary tumors genetics, morphology, primary tumors molecules' effects on predictive drug
xenograft mice directly isolated and response to - High cost the original human capacity discovery
model from patients, at therapy between the - Skills required for tumors. stages
the organ of PDX tumors and tumor passing
tumor origin or primary tumors - Long latency period
different location - Maintenance of (2-12 months) for PDX
stromal components establishment
of the primary tumor - Variable engraftment
- Metastatic potential rates (23-75%)
Genetically Immuno- Development of - Presence of tumor- - Heterogeneity in - Evaluation of new Predictive Mid-late
engineered competent spontaneous stroma interactions tumor development molecules' effects on tumor model  stages of
model mice specific cancers and active immune time and frequency tumor progression and drug
by genetic system - High cost and effort immune system under discovery
activation of - Resemblance to - The need for imaging physiological
tumor oncogenes human cancers under systems to monitor conditions.
or genetic physiological tumor growth
inactivation of conditions
tumor suppressor
genes
Chemically- Immuno- Induction of - Similarity with human - Long-time frame (5-50 - Time-dependent multi-  Predictive Late-stage
induced competent  specific cancers cancers weeks) stage monitoring of tumor model  drug
model mice by exposure to - Availability of stroma- - Costs of animal tumor pathogenesis discovery

carcinogen
molecules

tumor interaction and
immune surveillance.

maintenance
- The need for imaging
modalities to monitor
tumor lesions, and
sequencing to identify
the induced mutation
Safety concerns of
handling carcinogenic
agents

Determination of the
most relevant stage for
therapeutic
intervention.
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3 Cancer diagnosis

Cancer is a worldwide health concern that is progressively growing. Early tumor detection and
diagnosis are key for increasing cure chances, maintaining good life quality, and reducing
mortality and healthcare costs [60]. Non-invasive biomedical imaging has been one of the main
pillars for tumor diagnosis, besides invasive biopsies. It has served in the accurate identification
and characterization of tumor lesions (staging), establishment of appropriate treatment plans,
and monitoring response rates. The prime clinical imaging techniques include X-ray computed
tomography (CT), magnetic resonance imaging (MRI), ultrasound imaging, positron-emission
tomography (PET), and single-photon-emission CT (SPECT) [61]. Each imaging system possesses
its strengths and limitations regarding resolution, sensitivity, tissue penetration depth, safety,
and cost (Table 4). In addition, considering the different information (anatomical, physiological,
functional, or molecular) they can provide, the most suitable technique is selected.

Unlike early mentioned techniques, optical imaging and in particular fluorescence imaging has
been extensively used in preclinical studies. However, its clinical translation is currently under
evaluation [62] [63], in the form of fluorescence-guided surgery (FGS), thanks to the favorable
clinical trials data. FGS, based on the use of fluorescent contrast agents, has proved its utility for
real-time in vivo identification of fluorescently-labeled tumors, and guided the surgeons in the
precise detection of surgical margins, thus permitting complete tumor resection. Fluorescence
imaging high sensitivity, low cost, real-time monitoring, ease of operation, absence of ionizing
radiation, and the availability of a wide range of fluorophores, that are under continuous
development, have supported its translation [64].

In the following sections, fluorescence imaging principle, in vivo fluorescence imaging main
limitation, and possible solution using fluorophores emitting in the first near infra-red (NIR-I)
window (700-900 nm), is discussed with evidence of clinical investigations. An emerging
fluorescence imaging field within the second near infra-red (NIR-1l) window (1000-1700 nm) is
then highlighted, and its superior performance compared to NIR-I fluorescence imaging, is
demonstrated in preclinical animal models.

Table 4: Comparison of the common bioimaging techniques [61, 64].

X-ray CT MRI PET SPECT Ultrasound Fluorescence
Magnetic field B/y-
Source X-ray and . V y-emission Sound Light
. emission
radiofrequency
Radiation lonizing Non-ionizing lonizing lonizing Non-ionizing Non-ionizing
Magnetizable Radionuclide .
Contrast agent elem:i?c\/\el | materials as as 18F, 11C, Radionuclide Mlei;?]tl’;sgle’ Fluorescent
g Ba, &b Fes04, Gd B3N, 150, as 111n, 99mT¢ micelle ! dye
chelates 64Cu, ®8Ga
Spatial 50-200 pm 25-100 um 1.2 mm >2 mm 50-500 um 1-5 mm
resolution
Sensitivity 103 103-10% 1010-1022 1010-102 Not 109-1012
(mol/L) characterized
Penetration No limit No limit No limit No limit Several cm <lcm

depth
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Obtained
aine Aand P A, P,and M Pand M Pand M A, P, and M Pand M
Information*
Cost €€ €€€ €€€ €€ €€ €
. . . Easy, fast, no
. High spatial High . Easy, fast,
High 's s.pa |a .I.g. High sensitivity as.y .a.s no radiation,
- resolution, no sensitivity to ionizing .
Advantages resolution, no . to probes, no - sensitive to
. radiation, no probes, no . radiation, cost-
depth limit L L depth limit . probe dose,
depth limit depth limit effective .
cost-effective
Radiation, Depth limit
ft e Radiation, L ,
poFJr >0 Poor sensitivity adia I.On Radiation, (cm), poor Low depth
tissue expensive, . contrast, not .
Drawbacks . . to probes, expensive, low . penetration,
delineation, . low . suitable for .
. expensive . resolution . L. low resolution
low sensitivity resolution air-containing
to probes organs

*In vivo information: A: anatomical, P: physiological, and M: molecular

3.1 Fluorescence Imaging: Principle

In fluorescence imaging, a light source of an appropriate wavelength excites a molecule
(fluorophore) from the ground state into a higher energetic state. Upon relaxing back into its
stable ground state, the fluorescent molecule emits light of a longer wavelength and lower
energy [65]. This instantaneous process called fluorescence is illustrated by the Jablonski diagram
(Figure 24). Fluorescence is then visualized thanks to a sensitive cooled charged coupled device
(CCD) camera, accompanied with specific filters, that can collect emitted light only.

Excitation Emission
A
Excited state, E;
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Laser light
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Ground state, Eg A 4

Figure 24: Simplified Jablonski diagram explaining the fluorescence phenomenon [66].

3.2 In vivo fluorescence imaging: Light/Photon interaction
with biological tissues

As incident excitation light impinges the biological tissue and travels through it, several photon-
tissue interactions will be encountered, limiting the photon tissue penetration. Similar events will
impact the fluorescence emitted light (Figure 25). These interaction events include:
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Figure 25: Light-tissue interactions resulting from light excitation of biological tissues. These interactions include light reflection,
scattering, absorption, and endogenous fluorophores autofluorescence. Fluorescence can be obtained once light excites
administered exogenous fluorophore [67].

Photon reflection: Due to the different refractive indices between air and imaged tissue, a part
of the incident excitation light will be reflected. This phenomenon is not wavelength-dependent
and normally doesn’t lead to signal loss.

Photon scattering: Non-reflected photons can penetrate tissues, and encounter some scattering
events due to the variable refractive indices of tissue components. Scattering events induce
photon deviation from their original path, thus increasing background noise. Since scattering is
inversely proportional to the light wavelength, a reduced scattering can be achieved using light
sources with longer wavelength [67] (Figure 26).
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Figure 26: Scattering coefficient of various biological tissues and intralipid tissue phantom as a function of wavelength (400-

1700nm), covering the visible, NIR-1, and NIR-II regions [67].

Photon absorption: As light passes through biological tissues, it can be absorbed by endogenous
chromophores like hemoglobin, water, lipids, and melanin, leading to an exponential reduction
in the number of photons reaching deep tissues [68]. As presented in Figure 27, the NIR region
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benefits from minimal chromophores absorption and thus better photon penetration, compared
to the visible region.
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Figure 27: Absorption coefficient of endogenous chromophores (oxyhemoglobin HbO,, deoxyhemoglobin Hb, H>O, and lipids) as a
function of wavelength (200-1400 nm), covering UV, visible, NIR-1, and NIR-II optical windows [69].

Autofluorescence: defines the fluorescence signal/background obtained from exciting
endogenous components present within biological tissues, including aromatic amino acids,
NAD(P)H, flavins, and lipopigments [70]. Those latter act as endogenous fluorophores emitting
mainly in the visible spectrum. Autofluorescence, being wavelength-dependent, is reduced using
longer wavelength light sources and detectors [71] (Figure 28).

(a) (c)

White Green/
light red
filter
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(b) (d)
Blue/ NIR
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Figure 28: Autofluorescence of a sacrificed mouse imaged using different excitation/emission filters: (b) blue/green (460—
500 nm/505-560 nm); (c) green/red (525-555 nm/590-650 nm); and (d) NIR (725-775 nm/790-830 nm) filters. Reduced
autofluorescence is attained using longer wavelength excitation/emission filters. A white light image of the mouse is shown in (a).
The location of the gallbladder (GB), small intestine (Sl), and bladder (Bl) is indicated by arrows [71].

To conclude, photon-tissue interactions, (scattering, absorption, and autofluorescence) that

restrict photon penetration in vivo, can be strongly reduced using light sources and camera
detectors of increased wavelength.
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3.3 From visible to NIR-I fluorescence imaging

Using fluorophores emitting in the visible spectrum (400-700 nm), in vivo fluorescent imaging has
been limited by photon-tissue interaction phenomena, leading to poor photon penetration (1-3
mm) into deep tissues [72], and resulting in images of reduced resolution and contrast in depth.
The need to attain deep-tissue fluorescence imaging has then driven the development of new
fluorophores with improved spectral properties, capable of emitting in another spectral window
called the first near infra-red (NIR-1) window (700-900 nm). Within this optical window, photon
scattering (Figure 26), absorption (Figure 27), and tissues autofluorescence (Figure 28) are hugely
reduced, hence achieving deep imaging (5-7 mm) with an enhanced signal-to-noise ratio [72].
NIR-I window, also named “biological transparency window” presents the ideal optical region for
biomedical fluorescence imaging [67, 71].

3.4 NIR-I fluorophores: for in vivo tumor imaging

NIR-I tumor imaging fluorophores can be classified according to their fluorescent status into
“always on” or “activable” probes, and according to their tumor specificity into non-targeted and
targeted fluorophores. A representative example of each NIR-I fluorophore group, assessed
within clinical trials, is presented.

34.1 “Always On” fluorophores

They are fluorophores whose fluorescent signal is always present. They are divided into non-
targeted and targeted fluorophores.

3.4.1.1 Non-targeted fluorophores

These dyes have no specificity to certain cellular or molecular target, and their tumor
accumulation is mainly based on the enhanced permeability and retention (EPR) effect.
Indocyanine green (ICG) presents one of the main examples of this group.

ICG (Figure 29a) was FDA-approved for determining cardiac output, hepatic function, and
ophthalmic angiography. Recently, ICG NIR emission at ~ 822 nm has permitted its use for
sentinel lymph nodes mapping [73]. This application paved the way then towards using ICG for
tumor detection and intraoperative fluorescence-guided surgery. Due to its passive tumor
accumulation, ICG has succeeded, in clinical trials, to identify several tumor types including
hepatocellular carcinoma [74] and colon cancers [75], distinguish malignant from benign breast
lesions [76], and estimate gastric tumors invasivity [77].

Because ICG is well metabolized and excreted by healthy liver, ICG was able to identify all the
microscopically confirmed hepatocellular carcinoma (HCC) and colorectal cancer metastasis
(CRC) [78], in a clinical assay dedicated to liver cancer detection. Well-differentiated HCC
presented a uniform total fluorescence (Figure 29b), whereas less differentiated HCC and CRC
presented a fluorescence rim around the tumor (Figure 29c, d). Uniform tumor fluorescence was
explained by the dysfunction of biliary excretion in progressing HCC. However, fluorescence rim
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staining was explained by biliary excretion disorders in the surrounding non-cancerous cells that
were compressed by the tumor. In addition, ICG fluorescence was able to recognize tumors that
weren’t evident without imaging (Figure 29e, f). These results demonstrated the ability of ICG-
fluorescence imaging to identify HCC lesions, delineate poorly differentiated HCC and CRC
metastasis, and detect small non-recognizable tumors, with secured negative tumor margins
[79], thus improving the accuracy of intraoperative tumor resections.

Regardless of non-targeted fluorophores' clinical potential, high background signal, non-specific
binding, and relatively fast clearance that limits optimal surgery time are the main drawbacks
[62]. Particularly, ICG suffers from its short half-life and difficult bioconjugation.

Figure 29: (a) Chemical structure of ICG [73]. ICG fluorescence pattern identified in liver cancer specimens: (b) well-differentiated
HCC, (c) poorly differentiated HCC, and (d) CRC. A white light image is provided for each specimen, on the right side of each panel.
(e) ICG Intraoperative fluorescence imaging identifying HCC on the liver surface, HCC lesion is indicated by a white arrow. It is
worth noting that this lesion was not recognized by visible inspection (right side panel) or palpation. Arrows heads indicate the
colon that was fluorescent due to ICG excretion in the stool [78]. (f) Laparoscopic colored image, NIR-fluorescence image, and
colored-NIR fluorescence overlaid image of colorectal liver metastasis, that was not identified by visual inspection or preoperative
diagnosis [79].
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3.4.1.2 Targeted Fluorophores

These probes have specificity to certain cellular or molecular target overexpressed in tumor cells.
They are usually made up of a fluorescent moiety linked to a ligand possessing affinity to the
overexpressed cellular/ molecular target. The ligand could be a small molecule, peptide,
antibody, or affibody, for example.

Here, the first clinical study of a fluorescently labeled antibody for tumor identification is
discussed [80]. Cetuximab, a monoclonal antibody specific to the epidermal growth factor
receptor (EGFR), was labeled with IRDye800 fluorophore (Aem=795 nm) (Figure 30) and
administrated to patients undergoing resection of squamous cell carcinoma of the head and
neck. No adverse events were observed with dose escalation of Cetuximab-IRDye800.
Intraoperative fluorescent imaging demonstrated the success of Cetuximab-IRDye800 in the
precise identification of tumors expressing EGFR from normal tissues, with a tumor-to-
background ratio of 5.2 for the highest dose (Figure 31). Cetuximab-IRDye800 is now in phase 2
clinical trial to assess tumor margins during intraoperative fluorescence-guided surgery [81].

Using targeted fluorophores have several advantages that include, obtaining a high signal-to-
noise ratio SNR (lower background), using less fluorophore dose, and improving tumor
accumulation due to the prolonged fluorophore circulation time. On the other side, targeted
fluorophores possess several drawbacks including the high production cost, and the target
expression by normal tissues adjacent to the tumors, making it difficult to delineate tumors with
low target expression. In addition, the variability of target expression in tumors and between
tumor types, suggests that using targeted fluorophores is beneficial for tumors overexpressing
the target, not to a wide range of tumors [62].
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Figure 30: Schematic illustration of Cetuximab-IRDye800 conjugate synthesis through the conjugation of IRDye800-NHS to
Cetuximab antibody [82].
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Figure 31: (a) White light and fluorescence image of a patient with head and neck tumor, injected with 25 mg/m? dose of
Cetuximab-IRDye800 and imaged with a wide-field NIR imaging system. (b) Intraoperative fluorescence imaging of a patient
injected with 25 mg/m? dose of Cetuximab-IRDye800, before a wide local excision of the buccal mucosa. Grayscale fluorescence
image (b’), color map fluorescence image (b”), and the corresponding brightfield image (b””’) were acquired using a wide-field NIR
imaging system [80].

3.4.2 Activable probes

In their inactive state, activable probes are dark. Following specific tumor stimulus (enzyme
cleavage, pH changes), the fluorophores recover their fluorescence signal. Their tumor-specific
activity is based on the notion that tumors overexpress certain enzymes, and possess an acidic
environment as compared to healthy tissues.

The first-in-human clinical trial to assess a protease-activated fluorescent probe, for
intraoperative imaging, was published by Whitley et al. [83]. LUMO15 (Figure 32a) composed of
a fluorescence quencher linked by a peptide to polyethylene glycol (PEG) and Cy5 fluorophore
was developed. The cleavage of the peptide by cathepsins protease, overexpressed in tumors,
activates Cy5. LUMO15 was well tolerated following its intravenous injection into soft tissue
sarcoma (STS) and breast cancer patients. Ex vivo fluorescent imaging of resected tissues
demonstrated a higher fluorescence signal in tumors as compared to healthy tissues (Figure 32b,
c). Recently, LUMO15 has completed phase 2 clinical trial [84] and robust performance in residual
breast cancer detection during intraoperative fluorescence imaging was demonstrated, with a
mean tumor/normal tissue signal ratio of 3.81-5.69 [85].

Compared to the previous fluorophores’ types, activable probes have the advantage of low
background, as they are only activated and detected at the target site. However, interpatient
variability in enzymatic activities and expression levels that can affect the fluorescence signal is
one of its limitations [62].
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Figure 32: LUMO15 probe and its cleavage products: the optically inactive fragment 1 containing QSY21 quencher, and the
optically active fragments 2 and 3 containing Cy5 fluorophore (a). Representative undifferentiated pleomorphic sarcoma (UPS) of
the thigh (b) and invasive ductal carcinoma (IDC) of the breast (c), obtained from patients that had received LUMO15 before gross
resection. From left to right: white light image of the gross resected tissue containing the tumor (T), normal muscle (M) or normal
breast (N), hematoxylin and eosin (H&E) staining and fluorescence images of the tumors (UPS or IDC), followed by H&E staining
and fluorescence images of normal tissues (muscle or breast). These Images demonstrate the tumor-selective fluorescence of
LUMO15 [83].

Altogether these examples demonstrated the potential of NIR-I fluorescence imaging in recognizing
tumors and guiding precise resection.
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3.5 From NIR-I to NIR-II fluorescence imaging

Yet, more favorable optical properties can be achieved in the spectral window ranging from 1000-
1700 nm, named the second near infra-red (NIR-II) window. Benefiting from further diminished
photon scattering [86] (Figure 33a) and exponentially reduced autofluorescence [87] (Figure
33b), NIR-1l imaging can outperform NIR-I imaging by providing clearer images and better signal-
to-noise ratio (Figure 34). NIR-Il fluorescence imaging is a recent field. In 2009, the first in vivo
fluorescence imaging of mice, in the NIR-Il range, using single-walled carbon nanotubes
(SWCNTs), marked the beginning of the NIR-II bioimaging era [88]. It was able to resolve tumor
vessels under the skin with low autofluorescence. Since then, NIR-Il imaging has been an active
progressing field.
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Figure 33: (a) Scattering coefficient of various biological tissues including brain (green), skin (black), cranial bone (brown), mucous
tissue (purple), subcutaneous tissue (red), muscle (blue), and intralipid tissue phantom (orange) as a function of wavelength (400-
1700nm), covering the visible, NIR-I and NIR-II regions. (b) Autofluorescence of ex vivo mouse liver (black), spleen (red), and heart
tissue (blue) as a function of wavelength, showing the absence of autofluorescence beyond 1,500 nm [67].

800-900 nm (NIR-1) 1300-1400 nm (NIR-I1)

Figure 34: NIR-1 and NIR-Il in vivo fluorescence imaging of a mouse brain following SWNT-IRDye800 administration. (a) White light
image of a C57B1/6 mouse head with the hair removed. (b) NIR-I and NIR-Il images of the same mouse head. The inferior cerebral
vein, the superior sagittal sinus, and the transverse sinus are indicated by 1, 2, and 3 respectively [89].
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3.6 NIR-Il fluorescence imaging: Requirements

NIR-1I fluorescence imaging requires sensitive detectors/cameras and efficient fluorophores that
can detect and emit within the NIR-Il window, respectively.

3.6.1 NIR-Il window detectors/cameras

Silicon (Si) cameras are the most commonly used detectors in fluorescence imaging. They are
sensitive to fluorescence emission in the NIR-I region, however, they are not suitable for
wavelength beyond 1000 nm. Indium-gallium-arsenide (InGaAs) cameras, having a high quantum
efficiency in the NIR-Il window, can detect fluorescence signals beyond 1000 nm with high
sensitivity [90] (Figure 35). The need for high-quality and affordable InGaAs cameras is one of the
limitations of NIR-II fluorescence imaging development. Recently, the combination of military
and industrial imaging applications, allowed the InGaAs cameras to become more commercially
available and with lower costs [91].
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Figure 35: Sensitivity curves for silicon (Si) and indium gallium arsenide (InGaAs) based cameras. Si and InGaAs cameras are
sensitive within the NIR-I and NIR-II windows, respectively. Adapted from [90].

3.6.2 NIR-II fluorophores: for in vivo tumor imaging

The development of fluorophores with NIR-II emission, high quantum yield - number of emitted
photons relative to the number of absorbed ones-, biocompatibility, and solubility in
aqueous/biological fluids, is a requisite for in vivo NIR-Il tumor bioimaging. Several inorganic and
organic NIR-1l fluorophores have been developed and assessed for their tumor-targeting capacity

within preclinical animal models. A representative example of each fluorophore class is discussed
below.
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3.6.2.1 In-organic NIR-II fluorophores

3.6.2.1.1 Single-walled carbon nanotubes (SWCNTs)

SWCNTs possess significant fluorescent properties due to a phenomenon called the van Hove
transition across bandgaps [92]. When SWCNTSs are excited in the NIR-I window, they fluoresce
in the NIR-Il window. Considering their hydrophobic character, SWCNTs require coating with
biocompatible and water-soluble polymers for in vivo application [88] (Figure 36a). Carbon-
nanotubes contrast agents have been used for several bioimaging applications including specific
tumor imaging.

A targeted form of SWCNTSs, published by Ghosh et al., is discussed here [93]. M13 bacteriophage
stabilized SWCNT targeting SPARC (secreted protein, acidic and rich in cysteines) expressing
tumors were developed and administered intraperitoneally to mice bearing orthotopic human
ovarian cancer. This probe was able to selectively target and visualize infiltering tumor nodules,
that were not detected with visible and NIR-I dyes of the same complex (Figure 36b). Using NIR-
Il imaging to guide tumor resection, led to the identification of submillimeter tumors (<1 mm)
that were not recognized by surgery without guidance (Figure 36d,e). Altogether these findings
demonstrated the potential of M13-SWCNT for non-invasive NIR-II tumor imaging and image-
guided surgery. However, the main limitation of SWCNTs remains their low fluorescence
guantum yields (<1%) [94].

'_
z
=
v
o !
25 NIR-II o
=
&
wv
o
[¥a]
~
[V
<
NIR-I &
=
a
o
(%]
=
L
. . (32
Visible =
=
&
(%]

FITC/AF750 I |
1e8 6e8

Radiance (p/s/cm-2/sr)

41



NIR-1I fluorescence cancer imaging
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Figure 36: (a) Structure of SWCNTSs functionalized with phospholipid-PEG for enhanced water-solubility and biocompatibility.
(b) Non-invasive fluorescence imaging of ovarian tumors using M13-conjugated to SWNTs (NIR-11), AlexaFluor750 (NIR-1), or
FITC (visible) fluorophores. Arrows heads indicate tumor nodules that were only detected by M13-SWNTs (NIR-1). (c) Schematic
view of the surgical procedure. (d) Whole abdomen NIR-II fluorescence imaging before M13-SWNT injection, before surgery,
after un-guided surgery, and after subsequent M13-SWNT-guided surgery. (e) Photographs and NIR-II fluorescence images of
excised tumor nodules, following un-guided and M13-SWNT-guided surgery [93].

3.6.2.1.2 Quantum dots (QDs)

Metal chalcogenide QDs such as Ag,S, Ag,Se, and PbS, present a class of brightly fluorescent NIR-
Il fluorophores, with significantly high quantum yields as compared to SWCNTs [95]. Similar to
carbon nanotubes, polymer coating is required for biological compatibility. Ag.S QDs have been
widely investigated due to their low toxicity compared to other QDs, high fluorescence quantum
efficiency, and stability [94].

An Ag,S QD functionalized with six-armed polyethylene glycol (PEG) was synthesized [96] (Figure
37A). It possessed fluorescence emission at 1200 nm, with an important fluorescence quantum
efficiency of 15.5%, obtained following its excitation with an 808 nm diode laser. Intravenous
injection of 6PEG-Ag,S QDs into mice bearing subcutaneous 4T1 breast tumors, led to a
significant tumor accumulation of 10% of the injected dose, through the EPR effect. Tumor
fluorescence signal increased from 30 min to 24h post-administration whereas other organs
signal declined (Figure 37B). 6PEG-Ag,S QDs’ high tumor uptake and long circulation time
demonstrated its importance, yet genotoxicity and reproductive toxicity studies are required.

A further enhanced tumor uptake (3112 % of ID/g of tumor) was reported using Ag.Te QDs,
assembled with poly(lactic-co-glycolic acid) and coated within 4T1 tumor cell-membrane derived
vesicles [97]. In addition to Ag.Te QDs bright and stable NIR-II fluorescence, coating with 4T1
tumor cell-membrane derived vesicles, provided good biocompatibility and homotypic tumor-
targeting ability in vivo. However, accumulation in the reticuloendothelial organs (liver and
spleen) was the main drawback of both QDs systems.
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Figure 37: (A) NIR-II fluorescence-emitting Ag.S QDs functionalized with six-armed PEG to render it water-soluble and
biocompatible. Inset: chemical structure of the six-armed PEG. (B) NIR-I fluorescence images of 4T1 tumor-bearing mouse, 30 min
(a), 2 h(b), 4 h(c), 10 h (d), and 24 h (e) post-injection of 6PEG-Ag,S QDs. Optical/white light image of the corresponding mouse
is presented in (f). 4T1 tumor is indicated by yellow arrows [96].

3.6.2.1.3 Rare-earth doped NIR-Il nanoparticles

Rare-earth (RE) doped nanoparticles provide another class of NIR-Il fluorophores with
exceptional emission, tunable according to the RE metal ion used [98] (Figure 38). Down-
converting nanoparticles (DCNPs) tend to fluoresce in the NIR-Il spectrum following NIR-I light
excitation [94]. They are commonly made up of a RE ion-doped to an inorganic crystalline lattice
(e.g., NaYFs, NaLuFs, and CaFz) [99]. Multi-shell core-shell RE nanoparticles have been also
developed [94]. Similar to other NIR-II fluorophore classes, RE doped nanoparticles possess high
photostability and require surface modification for in vivo application.

A targeted NIR-Il emitting DCNP was developed from a luminescent NaGdF4: 5% Nd core coated
with an inert NaGdFs shell [100] (Figure 39). This latter was functionalized with PEG and
complementary DNA (L1 or L2), for in vivo nanoparticles assembly. Follicle-stimulating hormone
(FSHg) peptide was further anchored to the nanoparticles to favor ovarian cancer targeting.
Sequential administration of DCNPs-L1-FSHg and DCNPs-L2-FSHg to a mice model of human
ovarian adenocarcinoma peritoneal metastases, allowed accurate identification of large and
small metastatic lesions, with a high tumor-to-normal tissue ratio ~11, surpassing that of the NIR-
| ICG probe ~5 and NIR-Il carbon nanotubes ~6. In addition, prolonged tumor retention of 6h,
provided an optimal surgical time window to precisely resect eye invisible metastasis <lmm.
These findings demonstrated the benefits of DCNPs-L1/2-FSHg, a targeted RE doped
nanoparticles, for intraoperative NIR-Il fluorescence-guided ovarian metastasis resection.
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Figure 38: (a) Structure of a NIR-1l emitting rare-earth-doped nanoparticle. Different rare-earth ions: Er, Ho, Tm, Pr can be doped
in its core. (b) NIR-II fluorescence emission spectra of rare-earth-doped nanoparticles, showing different emissions with different
doped rare-earth ions [98].
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Figure 39: Schematic illustration of NIR-Il nanoprobes fabrication for ovarian metastasis surgery, under NIR-II bioimaging

guidance. (a) Schematic illustration of the step-wise fabrication of DNA and FSH8 modified DCNPs (DCNPs-L1-FSHB). (b) In vivo
assembly of DCNPs-L1-FSHB (first injection) and DCNPs-L2-FSHB (second injection) results in improved tumor targeting and rapid

hepatic and renal clearance. (c) Metastatic ovarian tumors can be clearly observed and precisely removed using NIR-II image-
guided surgery [100].

To conclude, inorganic NIR-II fluorophores comprise the majority of NIR-II fluorophores due to
their intrinsic NIR-Il emission. Their excellent optical properties have offered deeper-tissue
imaging, and further precise tumor delineation as compared to NIR-I imaging, in pre-clinical
animal models [89, 93]. However, their slow excretion kinetics, long retention within
reticuloendothelial systems, and concerns of long-term toxicity have currently hindered their
clinical translation [101, 102], in addition to the low quantum yields and emission intensities of
SWCNTs and RE-doped nanoparticles respectively [94, 103]. Thus, the development of organic

NIR-II fluorophores, with improved pharmacokinetics, lower toxicities, and enhanced optical
properties have then emerged.
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3.6.2.2 Organic fluorophores

3.6.2.2.1 Donor-acceptor-donor (DAD) systems

They consist of strong electron-donating groups connected through n-bridging to a central strong
electron accepting group. This configuration serves to shrink the energy gap between the
molecular orbital levels, thus shifting the fluorescence towards the NIR-Il spectrum [67].
CH1055-PEG, a DAD compound emitting at 1055 nm, was functionalized with PEG for enhanced
water solubility [104] (Figure 40a). A fast-renal excretion (90% of injected dose) was achieved
within 24h. CH1055-PEG presented a passive tumor accumulation and was able to
unambiguously label orthotopic glioblastoma tumors present 4 mm below intact skull (Figure
40b).

In addition, coupling CH1055-PEG to an anti-epidermal growth factor receptor (EGFR) affibody,
allowed specific targeting of human squamous cell carcinoma xenografts in mice (Figure 40d,e).
A tumor-to-normal tissue ratio of ~15 was attained six hours post-injection, permitting an
accurate image-guided tumor resection in mice. This achieved ratio was five times higher than
those obtained by NIR-I fluorophores-affibody complexes. Although CH1055-PEG combines all
the requisites for an ideal NIR-II emitting fluorophore (water solubility, biocompatibility, tumor
targeting), its low quantum yield (0.3%) requires improvement. Tuning the structure of DAD
compound (electron-donating/accepting groups) is required to enhance the quantum yield and
red-shift the emission towards the deep NIR-Il window.
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Figure 40: (a) Chemical structure of the NIR-Il emitting DAD system, PEGylated CH1055. (b) NIR-II fluorescence image showing
strong fluorescence of orthotopic glioblastoma brain tumor, localized 4 mm deep under the skull, 6h post CH1055-PEG
administration. (c) The corresponding colored photograph of the nude mouse head, with the suture line and tumor position
indicated by black and red arrows respectively. (d) A schematic illustration of CH-1055-affibody synthesis. (e) NIR-II fluorescence
image of a mouse bearing squamous cell carcinoma (SAS) xenograft, 6h following CH-1055-anti-EGFR-affibody administration.
The white arrow and the dotted red circle indicate the SAS tumor and normal tissue, respectively. The inset displays an ex vivo SAS
tumor following its excision [104].
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3.6.2.2.2 Polymethine/Cyanine dyes

Tuning the chemical composition and the length of conjugated structures in polymethine dyes,
permit their NIR-II emission. Commercially available NIR-II polymethine dyes include IR-26, IR-
1061, and IR-1048 [105]. These dyes have low water solubility requiring encapsulation within
hydrophilic matrices [94].

An activable NIR-II emitting polymethine dye is discussed here. Coupling IR-1048 to a nitro
imidazole group (2-(2-nitroimidazolyl) ethylamine) MZ results in IR-1048 fluorescence quenching
and solubility/ biocompatibility enhancement (Figure 41a). When MZ is reduced by
nitroreductase enzyme (NTR), overexpressed in hypoxic environments, IR-1048 NIR-II
fluorescence is restored (Figure 41a). Following IR-1048-Mz intravenous injection into mice
bearing subcutaneous A549 hypoxic tumors, that overexpress NTR, IR-1048-Mz permitted tumor-
selective identification with a high tumor-to-background ratio of ~30 (Figure 41b). This significant
ratio was 3.8 times higher than the ratio achieved by the NIR-I NTR-sensitive probe. Yet, the low
guantum yield (0.6%) was the main limitation [106], similar to DAD systems.
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Figure 41: (a) Schematic illustration of the NTR-responsive NIR-Il fluorescent probe: IR1048-MZ. In the presence of NTR, the MZ
group is reduced enabling the restoration of the IR-1048 NIR-II fluorescence. Adapted from [106]. (b) NIR-Il fluorescence imaging
of a mouse bearing subcutaneous A549 tumor, before and after intravenous injection of IR-1048-Mz. Images were acquired at
several time points (0, 5, 10, 14, 20, 24, and 48 h) post-injection. The tumor is indicated with a dotted blue circle. A colored
photograph of the imaged mouse is presented in the first left panel [106].
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Another attempt was to use the NIR-Il emission tail of NIR-I fluorophores. In 2017, the ICG NIR-II
fluorescence emission tail was characterized. ICG NIR-Il imaging provided images with better
resolution, more details, and twice enhancement in contrast-to-noise ratios as compared to the
NIR-I region, in mice [107] (Figure 42A). In addition, coupling ICG to an anti-vascular endothelial
growth factor (VEGF) antibody Bevacizumab (Bev) (Figure 42B), permitted a real-time
identification of colorectal tumors in an orthotopic colorectal cancer rat model, using a NIR-II
endoscopy system [108] (Figure 42C). Considering the ICG FDA approval, clinical translation of
NIR-Il imaging can be accelerated. However, this doesn’t eliminate the need to develop efficient
NIR-Il organic dyes with elevated quantum vyields to overcome ICG pitfalls (low efficiency of
photon utilization in the NIR-Il window, low photostability, and fast clearance) [109].
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Figure 42: (A) (a) Chemical structure of ICG. Visible (b), NIR-I (c), and NIR-II (d) fluorescence imaging of a mouse hind limb following
ICG intravenous administration [107]. (B) Schematic illustration of Bevacizumab-ICG (Bev-ICG) synthesis through the conjugation
of ICG-NHS to Bevacizumab. (C) White light (a), fluorescence (b), and white light-fluorescence overlaid images (c) of representative
colorectal tumors of a rat model, obtained using a NIR-II endoscope system. Bev-ICG fluorescent signal accurately stains the
tumors [108].
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At present, most of the NIR-II organic dyes possess poor water solubilities and low quantum
yields. A careful design of NIR-Il dyes is required. It is worth noting that modifying the molecule’s
functionalized groups or space configuration would greatly affect its solubility, biocompatibility,
and fluorescence properties.

3.7 Conclusion

NIR-I fluorescence imaging, especially NIR-I fluorescence image-guided surgery, has been rapidly
progressing towards clinical implementation, due to the improved cancer surgery outcomes,
decreased time of anesthesia, and reduced health care costs [110]. On the other hand, NIR-II
fluorescence imaging, still in its infancy stage, was able to prove its superior benefits over NIR-I
imaging, in preclinical animal models [89, 93]. Yet, its clinical assessment requires further
development in the NIR-II detector systems, particularly for clinical use, and NIR-II fluorophores.
The integration of InGaAs cameras within existing imaging navigation platforms will grant NIR-II
imaging within surgical practice [105]. Regarding NIR-II fluorophores, until now there is no ideal
NIR-II fluorophore. Existing NIR-II dyes, inorganic and organic ones, suffer from toxicity and low
quantum yields respectively [94]. Hence, a careful design of biocompatible NIR-II emitting dyes,
with enhanced quantum yields and fast clearance, is required for NIR-II fluorescence imaging
advancement. Organic dyes, possessing promising translational potential and safety as compared
to their inorganic counterparts, present a suitable platform for NIR-II fluorophores synthesis
[109].

Developing such optimal NIR-II fluorophores for NIR-Il tumor imaging in vivo will be addressed in
articles 1, 2, and 3 of the thesis work section.
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4 Cancer Therapy

Following tumor diagnosis, a specific therapeutic modality or modalities will be selected and
applied, depending on the diagnosed tumor type and stage (local or metastasized), and the
patient health status.

Conventional cancer therapies include surgery, chemotherapy, and radiotherapy. As surgery can
fail in recognizing microscopic tumors [111], it is often accompanied by chemotherapy or
radiotherapy.

Traditional chemotherapy acts non-specifically on rapidly-proliferating cells, both tumor cells and
fast-dividing healthy cells, such as hair follicles and gastrointestinal tract cells, inhibiting their cell
division and leading to systemic toxicities [112]. To address these side effects, targeted anti-
cancer agents have been developed, acting precisely on tumor cells [37].

Radiotherapy, being highly cost-effective (requiring less than 10% of cancer total budget) [113],
accounting for 50% of cancer patients treatment plans and contributing to 40% of the curative
effect [114], makes it an important cancer treatment modality, especially with the continuous
technological advances that led to optimal dose delivery to tumors without exceeding the
tolerance dose of healthy tissues.

To selectively irradiate tumor cells while sparing normal ones, an innovative developing form of
radiotherapy, called Boron Neutron Capture Therapy (BNCT) was described. BNCT principle,
history, its two major requirements i.e. suitable boron compounds and neutron irradiation
sources, in addition to clinical evidence of success, will be discussed in the following section.
BNCT's main limitations and possible solutions for daily clinical implantation will be also
addressed.

4.1 BNCT: Principle

Boron Neutron Capture Therapy or “BNCT” is a targeted form of radiotherapy. It is based on the
high propensity of the non-radioactive 1°B nuclide to capture thermal neutrons, leading to the
release of high linear energy transfer particles: a particle (=150 keV.um™) and ’Li ion
(=175 keV.um™) (Figure 43a). These highly energetic particles, having a short path length of 5-9
um, tend to deposit their energy, and induce destructive effects within a confined diameter,
presenting the size of a single cell. By extrapolating this notion into biological tissues, cells
possessing 1°B atoms will be destroyed in the presence of neutrons, while neighboring cells
having no 1°B will stay safe [115] (Figure 43b).

Thus, the BNCT tumor-targeted therapeutic efficacy depends both on the sufficient and selective
10B accumulation in tumor tissues (35-50 pg of 1°B/g of tumor or ~10° 1°B atoms per cell), and the
presence of adequate amounts of low energy thermal neutrons (fluence of 102-10'3 n.cm™)
[115]. The co-existence of these two components is essential for triggering the neutron capture
reaction and provoking specific damages in the infiltering tumor cells. The absence of one
component will hinder the BNCT curative effect.
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Figure 43: Scheme presenting the boron neutron capture reaction (a). (b) The detailed mechanism of BNCT selective tumor
destruction [116].

4.2 BNCT: History

Four years following the neutron discovery in 1932, LOCHER was the first to describe the use of
neutron capture reaction for cancer treatment [117]. Nonetheless, the first BNCT trial was
performed in 1951. Until 1961, several glioma patients were treated at the Brookhaven Graphite
Research Reactor and Massachusetts Institute of Technology reactor, using inorganic boron
compounds and disodium decahydrodecarborate (Na:BioH10) respectively. The adverse side
effects (untreatable radiodermatoses of the scalp, deep ulcerations, and appearance of brain
necrosis) and the unsatisfactory survival times, led to the suppression of BNCT activities in the
USA [118].
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Clinical BNCT was then reevaluated (in 1968) thanks to the effort of Hatanaka who reported a
50%, 5-year survival in grade 3 and 4 glioma patients, following their administration with a new
boron compound called sodium borocaptate. Interesting data were also obtained by Mishima
(1987) who treated superficial melanomas using a novel compound named
Boronophenylalanine. These favorable reports drove the re-emergence of BNCT worldwide in the
1990s [119].

4.3 BNCT: Boron compounds

The first essential component of the binary therapy (BNCT), is the boron source. An ideal BNCT
boron delivery agent should meet the following requirements: low toxicity, sufficient tumor
uptake (35-50 pg of °B/g of tumor or ~10° °B atoms per cell) [115], selective tumor
accumulation, with a tumor to normal tissue and tumor to blood ratios >3, along with rapid
clearance from normal tissues and tumor persistence during the neutron irradiation time [120].

4.3.1 Clinically available boron compounds

60 years ago, two boron-containing compounds were developed: Sodium borocaptate (BSH)
[121, 122] and Boronophenylalanine (BPA) [123] (Figure 44). These two 1°B sources have been
and are still the only compounds used for clinical BNCT.

BPA or Boronophenylalanine or (L)-4-dihydroxy-borylphenylalanine, is a single-boron-containing
amino acid (Figure 44). Being an analog for the melanin precursor “tyrosine”, BPA was first used
for BNCT treatment of high melanin-synthesizing tumors like melanoma [124]. However,
experimental data evidenced its selective delivery to other tumor types [125], through aromatic
amino acid transporters; especially the L type [126-128]. A more soluble form of BPA, complexed
with fructose (BPA-F) [129], has then entered clinical use to treat high-grade gliomas and
recurrent head and neck tumors, providing significant therapeutic potential.

BSH or Sodium borocaptate or sodium mercaptoundecahydro-closo-dodecaborate
(NazB12H11SH), is an icosahedron (polyhedron with 20 faces) borane anion possessing 12 boron
atoms (Figure 44). Initially, BSH was used to treat high-grade glioma patients, with beneficial
results. It was suggested to diffuse passively into tumor cells where the blood-brain barrier was
damaged [130].
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Figure 44: Structure of the two clinically used BNCT compounds: BPA and BSH
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4.3.1.1 Clinically available boron compounds: Limitations

Regardless of the favorable clinical data, both BPA and BSH possess several limitations.

BPA accumulates hugely in tumors however measurable quantities were also observed in healthy
tissues, leading to a low tumor to normal tissue ratio [131]. In addition, its ability to target actively
dividing tumor cells [132] and cells overexpressing aromatic amino acid transporters, while
avoiding quiescent ones [133], provides a clear explanation of its heterogenous boron
distribution between tumor regions and tumors of different patients [134].

On the other hand, BSH, even if it has a high tumor to normal tissue ratio (due to its low normal
tissue uptake), tumor accumulation isn’t always sufficient for an efficient BNCT [131]. Similarly,
intratumoral and inter-tumor variabilities in boron distribution were observed following BSH
administration [135].

4.3.1.2 Clinically available boron compounds: possible solutions

To address the issues of BPA and BSH, the co-administration of both compounds was used to
compensate for each other’s faults [136]. An improved therapeutic outcome was elicited as
compared to BPA or BSH alone [131, 137]. In addition, optimizing the dosing paradigm was
beneficial, for example, a prolonged BPA infusion with higher doses increased the survival of
glioma patients [138].

4.3.2 Theranostic boron compounds

The inability to quantify real °B concentrations accumulating within tissues (cancerous and
healthy ones), which is hugely variable between individuals, makes it difficult to estimate the
required neutron radiation dose and the potential anti-tumor effect. In this context, the
development of boron-containing compounds delivering an adequate amount of 1°B atoms, and
possessing imaging properties that allow their tracking and quantification, could optimize the
treatment plan, leading to better efficacy. In other words, a theranostic compound, combining
both therapy and diagnosis (through imaging) [139] is required for a more efficient, personalized
BNCT.

4.3.2.1  Clinical example: *F-BPA

18E-BPA or 4-borono-2-[*8F]fluoro-D,L-phenylalanine (Figure 45) could be considered as the only
theranostic compound used in clinical BNCT. The direct fluorination of BPA led to the
development of *8F-BPA [140], a radiolabeled form of BPA that can be detected by PET imaging.
The pharmacokinetics of 8F-BPA was assessed in glioma patients using a three-compartment
model (i.e. with three rate constants). A correlation between the malignancy stage and the 8F-
BPA tumor uptake was demonstrated [141], and a quantitative method for tumor °B levels
determination was established based on PET Imaging [142]. It provided an important tool for
selecting BNCT patients and estimating the BPA dose required for therapy.

Another quantitative method based on both PET data and plasma 1°B concentrations, obtained
from blood samples, was then described [143]. It allowed through a four-rate constant model to
estimate more accurately the tumor 1°B concentrations.
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Using these two methods, a consistency between the estimated tumor 1°B levels and those
measured within the surgical specimens was observed. ¥F-BPA PET imaging was then used to
screen other tumor types and grades like malignant melanomas [144], head and neck
malignancies [145], recurrent cancer of the oral cavity and cervical lymph node metastases [146],
and recurrent malignant gliomas [147].
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Figure 45: Structure of 18F radiolabeled BPA

Currently, 8F-BPA PET is applied in the clinical routine before BNCT. It provides information about
the BPA uptake into tumors as compared to the healthy surrounding. Tumor-to-normal tissue
(T/N) and tumor-to-blood (T/B) ratios obtained from PET imaging serve as a criterion to
include/exclude patients for BNCT. Only patients with favorable tumor ¥F-BPA accumulation and
high T/N> 2.5 will be selected, to avoid any BNCT failure due to low 1°B tumor uptake. These PET
data serve also as an input for neutron radiation treatment planning.

Although the development of F-BPA has revolutionized the BNCT treatment, it just served as a
diagnostic molecule before BNCT, while BPA, a structurally distinct molecule was used for
therapy. *¥F-BPA was administrated at tracer (low) doses whereas BPA was infused in high
therapeutic doses [148]. In addition, the short half-life of ¥F (1.83 h) [149], the need for a reliable
18E-BPA radiosynthesis [150], and the possible detachment of boron from '8F-BPA (deboronation)
made the estimation of boron distribution by 8F-BPA sometimes debatable [148]. Based on these
reasons, there was always a need to synthesize a boron-containing compound that can be used
both for imaging and therapy, allowing more accurate determination of 1°B pharmacokinetics,
distribution, and quantification within tissues.

4.3.2.2 Preclinical examples

Accordingly, several BNCT theranostic compounds have been developed and investigated in
preclinical animal models. Here, we present some examples of boron-containing amino acids,
peptides, nanoparticles, micelles, and liposomes that were either radiolabeled or functionalized
with contrast agents, allowing their tracking by PET, SPECT, MRI, or fluorescence imaging.

4.3.2.2.1 Small boron-containing molecules:

Compared to !8F-BPA, a metabolically stable ['®F] fluoroboronotyrosine ([*F] FBY) was
synthesized with a high radiochemical yield (50%) and purity (98%) (Figure 46) [148]. The
correlation between the 8F-FBY PET images and the boron distribution in vivo, in mice-bearing
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subcutaneous B16-F10 melanomas, and the prolonged survival time obtained following neutron
irradiation, demonstrated the potential of [*8F] FBY as a theranostic agent for PET image-guided
BNCT. Yet, the data were just slightly better than those of the BPA group.

©
NH
HO @ 3
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Figure 46: Structure of fluoroboronotyrosine FBY.

19F can replace 8F and can be detected by magnetic resonance imaging (MRI) or magnetic
resonance spectroscopy (MRS). Several difluoro and trifluoro BPA derivatives were synthesized
and assessed for 1°F MR feasibility [151, 152] however only °F-BPA was assessed in vivo (Figure
47). F-MRI provided a spatial mapping of °F-BPA distribution within rat brains, and °F-MRS
provided information about °F-BPA pharmacokinetics from blood samples. These findings
demonstrated the utility of °F-BPA for treatment planning in BNCT [153].
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Figure 47: Structure of 19F-BPA.

Another BNCT theranostic agent containing 6 boron cages, for BNCT, a cyanine dye for
fluorescent imaging, and an integrin ligand for tumor targeting, was reported (Figure 48) [154].
Its tumor accumulation was demonstrated in vitro and in mice-bearing subcutaneous WM115
melanomas. Further in vivo experiments are required to determine its therapeutic efficacy under
neutron beam.
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Figure 48: Structure of the dendritic wedge BNCT theranostic molecule, bearing 6 carborane cages (red boxes), a monomethine
cyanine dye for fluorescent imaging (green box), and a nonpeptidic RGD - a ligand for o, 3 integrin- for tumor targeting (blue box)
[155].

BSH fused with 3 arginine peptides (BSH-3R) was synthesized. It was able to penetrate tumor cell
membranes in vitro and in mice bearing US7AEGFR brain tumors. Coupling BSH-3R to ®*Cu- DOTA
allowed its pharmacokinetics monitoring using PET imaging (Figure 49) [156], and its high tumor
accumulation demonstrated its potential for theranostic BNCT. It is worth noting that ®*Cu-
labeled BSH-3R-DOTA is the only BNCT theranostic compound based on cell-penetrating peptides
(CPPs).
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Figure 49: Structure of the BNCT theranostic cell-penetrating peptide, ¢4Cu-labeled BSH-3R-DOTA, made up of BSH (for BNCT, red
box) coupled to a three arginine peptide for cell penetration (blue box) and ¢4Cu-DOTA for PET imaging (green box) [155].

4.3.2.2.2 Large boron carriers:

Theranostic gold nanoparticles (AuNPs) functionalized with boron-rich anions and radiolabeled
with 124, were described and evaluated in a fibrosarcoma xenograft mouse model [157]. PET
imaging confirmed their in vivo stability however their poor tumor accumulation required further
size and shape adjustments.

Another theranostic AuNPs were developed and assessed in mice-bearing N87 gastric cancer
xenografts [158]. They were functionalized with boron cages for BNCT therapy, anti-Her2
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antibodies for tumor targeting, and radioactive iodine 23| for SPECT imaging (Figure 50). These
nanoparticles allowed monitoring the pharmacokinetics and tumor accumulation in vivo and
delivered sufficient 1°B content into the tumors.
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Figure 50: Schematic illustration of PEGylated (blue circles) gold nanoparticle (AuNP) functionalized with carborane cages (purple
circles), 123| radioisotope (red circle), and anti-Her2 antibody [158].

To reduce the toxicity of free boronated porphyrins, micelles containing tetraboronated
porphyrins chelated with ®*Cu were reported for BNCT application (Figure 51) [159]. Bimodal
fluorescence (through porphyrin) and PET (through ®4Cu) imaging demonstrated the favorable
tumor accumulation in subcutaneous 4T1 breast cancer and B16-F10 melanoma bearing mice,
respectively. However, due to the non-desired liver accumulation, modification of the treatment
plan from a single to multiple injections of smaller doses was applied, and a reduction in tumor
growth was achieved following neutron irradiation. Yet, will this treatment plan be acceptable in
clinical practice? A one-day BNCT treatment is ideal, with a shorter hospital stay, lower health
care cost, and higher patient satisfaction [156]. Though, some studies reported several BNCT

sessions.
P \__.-»Q

PLGA-mPEG

Boronated Porphyrin

Figure 51: Schematic illustration of the %Cu-tetraboronated porphyrin encapsulated within biocompatible PLGA-mPEG micelle
[159].
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A boron nitride nanoparticle (BNNPs) protected by phase-transitioned lysozyme (PTL) coat and
radiolabeled with ®Cu, was developed as a theranostic BNCT agent (Figure 52) [160]. Thanks to
PET imaging, a favorable tumor accumulation was observed in mice-bearing subcutaneous 4T1
breast tumors. Yet, the high liver uptake required a change in the treatment plan. The dose was
administered in smaller fractions before neutron irradiation, and a delay in tumor growth was
observed as compared to the controls. Following neutron irradiation, vitamin C was injected to
destroy and release the remaining BNNPs, thus minimizing their side effect.

Phase-transited
Lysozyme
2 Modification

Self-
assembly ™ V4 ®

- N7
- P

BN Nanocrystals

Thermal
neutrons

Vitamin C ﬁ

/ PTL@BNNPs
fj’“,‘\v} H,BO,
P /A gt DUV,
mo M3z MO " BNCT
" -

Figure 52: (a) Scheme illustrating the synthesis of boron nitride nanoparticles coated with phase-transitioned lysozyme,
PTL@BNNPs. (b) Schematic illustration of the in vivo PTL@BNNP- based BNCT, and the on-demand vitamin C degradation of the
nanoparticles [160].

Another BNCT theranostic formulation based on boron cage coupling to gadolinium, and
encapsulation within low-density lipoproteins (LDLs), was reported to target tumor cells
overexpressing LDL receptors (Figure 53) [161]. Thanks to T1-MRI, this formulation was
monitored in vivo, in a lung metastases mouse model generated by intravenous injection of TUBO
breast cancer cells. A reduction in lung tumor growth was observed following neutron irradiation.
However, tumor re-growth was then detected, suggesting that the combination of BNCT with
other therapies would be needed to avoid relapse.
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Figure 53: (a) Structure of the Gadolinium-carborane complex (green and red boxes respectively), AT101. (b) Scheme illustrating
the synthesis of the Gadolinium-carborane-LDL formulation [161].

A 90 nm-sized 1°B nanoparticle coated with silica for enhanced biocompatibility, functionalized
with gadolinium for MRI imaging and FITC-labeled RGD peptide for tumor targeting, was
synthesized (Figure 54) [162]. Thanks to MRI image-guided BNCT, 1°BSGRF nanoparticles were
able to selectively target brain tumors, providing them with high boron therapeutic doses, and
suppressing their growth in a superior manner compared to BPA.
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Figure 54: Schematic illustration of the three-step synthesis of 19BSGRF nanoparticles [162].
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A next-generation theranostic compound made up of gadolinium borate and iron oxide
bioconjugates was described [163]. In vitro experiments showed its potential for neutron capture
therapy, magnetic targeted therapy, MRI, and fluorescence imaging. Yet further synthesis control
and in vivo experiments are required to emphasize its importance.

A carborane (for BNCT) coupled to Gd complex (for MRI imaging) from one side and cholesterol
unit from the other side, was synthesized (Figure 55) and assembled into liposomes. The
liposomes were then functionalized with folic acid to target tumor cells overexpressing folate
receptors [164]. In vitro liposome delivery into tumor cells was demonstrated, and the decline in
surviving tumor cells following neutron irradiation confirmed its potential for dual MRI/BNCT
application.
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Figure 55: Structure of the Gd3*-carborane-cholesterol derivative (green, red and blue boxes respectively), the precursor of the
theranostic BNCT/MRI liposome [155].

Several reports described the detection of BSH and BPA even without labeling. 1°B [165]/*'B [166]
NMR were used to detect BSH borons, in in vivo tumors. However, due to the need for °B/*!B-
enriched compounds and specific hardware [167] to perform the direct detection, these
techniques are not used in the clinic. On the other hand, *H NMR: *H MRS/MRSI was reported to
detect non-invasively and in real-time BPA accumulation in vivo [168, 169]. However, its low
sensitivity and unsuitability for resected tumors, limit its use [167].

To date, none of these theranostic BNCT compounds have passed to clinical assessment, except
18E-BPA. Poor tumor uptake, toxicity, difficult synthesis, and the absence of impressive
tumoricidal effect are the main reasons. Considering all these issues will enable the development
of novel efficient theranostic boron compounds.
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4.4 BNCT: Neutron source

The second essential component of the binary therapy (BNCT), is the neutron field. Neutrons of
appropriate energies, high fluence rate (10'2-10'3 n.cm2), and low contaminants are required for
BNCT application. Thermal neutrons, of 0.025 eV energy, were first used. Due to their rapid
attenuation in tissues, epithermal neutrons of 1-10 000 eV energy had replaced them. Epithermal
neutrons have better penetration and are capable of producing thermal neutrons in deep tissues,
making them suitable for deep-seated tumors [115].

Until 2012, nuclear research reactors have been the only source for neutron production. The
closure of several reactors and the cease of BNCT activities in others have been a real threat to
BNCT development. To address this issue, accelerator-based neutron sources (ABNS) have
emerged. Different types were described, from low-energy electrostatic machines to higher
energy cyclotrons and much higher energy Linacs or synchrotrons. Compared to nuclear reactors,
these accelerators can be easily licensed and installed within hospitals, allowing better
monitoring of patients’ inclusion and clinical data gathering. In addition, being less expensive,
compact, simple to install and repair (thanks to the experience of radiotherapy departments with
accelerators), and easy to turn off following irradiation, highlights the advantages of ABNS over
nuclear reactors [119].

It is important to note that the first cyclotron-based accelerator, developed by Sumitomo Heavy
Industries (Figure 56), was approved by the Japanese Ministry of Health, Labor and Welfare
(MHLW); in march 2020. This accelerator was used in phase 1 and 2 clinical trials for recurrent
malignant glioma patients and was approved for clinical use for head and neck tumors. Other
clinical trials have been also initiated [170]. This news presents a milestone towards establishing
BNCT as a standard treatment for several cancer types.
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Figure 56: Schematic view (a) and photograph (b, c) of the approved accelerator-based neutron source developed by Sumitomo
Heavy Industries. It includes the cyclotron (b) and the treatment room with the coach system (c) [171].

4.5 BNCT: Clinical evidence of efficacy

Itis of great importance to shed light on the clinical advancement in BNCT. Here we present some
of the promising BNCT clinical trials/ investigations applied to various tumor types.

45.1 Newly diagnosed Glioblastoma (NDGB)

One month following craniotomy, 21 patients with NDGB were subjected to BNCT. The patients
received both BSH and BPA infusions. To prevent tumor recurrence, 11 patients were further
subjected to X-ray radiation therapy (XRT) following BNCT. A significant prolongation in survival
time was obtained (MST= 15.6 months) as compared to the institution's historical controls
treated with surgery followed by XRT and chemotherapy (MST=10.3 months). These favorable
results indicated the utility of this treatment protocol for NDGB patients, good and poor
prognosis ones [172]. An impressive example is presented in Figure 57, where an 18-years old
patient diagnosed with glioblastoma, had undergone re-craniotomy, BNCT followed by XRT. Two
years following BNCT, the patient was neurologically safe and showed no tumor progression.
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Figure 57: Brain MRI images of an 18-years-old patient following partial glioblastoma resection (a), re-craniotomy (b), and 2 years
following BNCT treatment (c). 18F-BPA PET images are presented on the left panel in rows (a) and (c) [172].

4.5.2 Recurrent Head and Neck malignancies (rHNM)

It is worth noting the first case report of 6 recurrent HNM patients treated with BNCT, following
BSH and BPA administration. Remarkable reduction in tumor volumes (Figure 58) and
improvement in life quality (pain relief, decreased bleeding, the disappearance of ulceration)
were observed, indicating the potential of BNCT for treating huge, advanced, and inoperable
HNM [173]. Similar results were obtained on a larger cohort of 26 rHNM patients, with a notable
6-years survival of 24% [174].

Figure 58: HNM patient before (A) and 22 months following BNCT treatment (B). A remarkable reduction in tumor size and an
improvement in facial appearance were obtained [173].

4.5.3 High-grade meningiomas

Twenty patients with high-grade meningiomas were included in a BNCT study, following several
surgeries and radiation treatment failure. Nineteen patients showed favorable tumor-to-normal
tissue ratios (>2.7) following 8F-BPA PET. Two months following neutron exposure, a significant
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shrinkage in tumor mass, with a 64.5% mean reduction, was observed. A median survival time of
14.1 months was obtained and a decrease in clinical symptoms was reported. Altogether these
data demonstrated the success of BNCT in treating high-grade meningiomas [175]. Figure 59
provides a notable example of tumor shrinkage, obtained 2 years following BNCT treatment.

Figure 59: MRI images of a high-grade meningioma patient before and 2 years after BNCT treatment. A clear reduction in the
tumor lesion was observed with no neurological deterioration. It is important to note that the BNCT treated lesion has reoccurred
following several surgeries, stereotactic radiosurgery, and X-ray treatment [170].

4.5.4 Recurrent Malignant gliomas

Twenty-two patients with recurrent malignant glioma were involved in a BNCT study. BPA and
BSH were used simultaneously before neutron irradiation. A marked survival prolongation was
observed in the high-risk group, with a median survival time (MST) of 9.1 months as compared
to 4.4 months of the reference recursive partitioning analysis (RPA) classification [176]. Similar
survival benefits and clinical symptoms improvement were achieved when BNCT was combined
with anti-VEGF antibody bevacizumab [147] (Figure 60).

Pre-BNCT 1W after 3M after 13M after l 16M after

Figure 60: A representative case of recurrent glioblastoma treated with BNCT. The reduction in the 18F-BPA tracer signal in PET
images (lower panel) indicates the efficacy of BNCT treatment. The radiation necrosis observed at months 13 by MRI images
(upper panel), was treated by bevacizumab (BV). 84 months following BNCT and bevacizumab treatment, the patient is doing well
with no tumor progression or radiation necrosis [170].
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Altogether these impressive results evidence the efficacy of BNCT in treating multiple cancer
types.

4.6 Conclusion

Along with the remarkable clinical data, the installation of hospital-based neutron accelerators is
paving the way towards the implantation of BNCT as a standard cancer treatment. The main need
now is the collaboration between the chemists and biologists to develop innovative boron
compounds, combining all the needed requirements (safety, high tumor uptake, high T/N) and
possessing imaging properties that allow their tracking, quantification, and optimization of the
neutron radiation plan to achieve the best efficacy. The development of such theranostic
compounds will be addressed in article 4 of the thesis work section.

To increase the number of patients included in clinical trials, and to further provide strong clinical
data about BNCT efficacy, the hospitals should work together at the international level to
homogenize both accelerator-based neutron sources, boron quantification, treatment planning,
and clinical protocols. This step is the cornerstone to make BNCT a daily clinic weapon in the
arsenal against cancer.

64



BODIPYs/aza-BODIPYs for cancer fluorescence imaging

5 BODIPY fluorophores and their derivatives for

cancer diagnosis and therapy

Following their synthesis in 1968 [177], BODIPY (4,4-difluoro-4-bora-3a,4a diaza-s-indacene) dyes
have been implicated in a wide variety of fields including laser generators, photovoltaic cells,
electroluminescent devices, light-emitting diodes (OLED), as well as biomedical applications
(fluorescence imaging, photoacoustic imaging, photodynamic therapy...) [178].

5.1 BODIPY fluorophores and their derivatives for cancer
fluorescence imaging

BODIPYs, considered as boron-bridged monomethine cyanine dyes (Figure 61a), their exclusive
conformation restricts rotation and increases rigidity, resulting in higher fluorescence quantum
yield and brightness compared to cyanine dyes [179]. Due to their unique photophysical
properties including strong absorption (larger molar absorption coefficient), high fluorescence
qguantum yield, excellent chemical and photochemical stability within physiological conditions,
and the multiple reactive sites available for functionalization, BODIPYs present a promising class
of organic fluorophores for bioapplication [178].

However, as the absorption and emission bands of conventional BODIPYs are confined to the
visible window, their use is limited to in vitro applications. To be suitable for in vivo fluorescence
imaging, the photophysical properties of BODIPYs should be tuned and pushed towards the NIR-
| biological transparency window, in which minimum light absorption, reduced autofluorescence
and scattering can provide better light penetration and imaging quality in vivo [180].
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Figure 61: Conventional BODIPYs (a) and aza-BODIPYs (b) structures with IUPAC numbering and typical notation respectively [181].

5.1.1 Aza-BODIPYs for NIR-I cancer fluorescence imaging

Several chemical modifications can induce the red-shifting of BODIPYs’ fluorescence toward the
NIR-I window, including the functionalization of the BODIPY core and the fusion with aromatic
rings [180]. Here, we will focus on another strategy based on the replacement of the carbon atom
present in the meso position of the BODIPYs with a nitrogen atom (N), resulting in a BODIPY
derivative called the aza-BODIPY (Figure 61b) [180]. Aza-BODIPYs, in addition to retaining the
excellent photophysical properties of conventional BODIPYs, their absorption and emission
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bands are shifted into the NIR-I optical window, making them suitable for in vivo fluorescence
imaging applications. Below are some examples of aza-BODIPYs used for NIR-I tumor
fluorescence imaging.

O’Shea et al. reported the design of a lysosome-responsive NIR-emitting aza-BODIPY (Figure 62a)
(Aemission=707 nm) that showed selectivity to the acidic environment of the lysosomes in vitro
(within Hela cell lines) (Figure 62b-e), and succeeded in tumor imaging in vivo, in MDA-MB-231
subcutaneous human breast adenocarcinoma bearing mice (Figure 62g) [182]. The same group
also developed two new aza-BODIPYs with red-shifted emissions between 757 and 818 nm
(Figure 63a2,3). They investigated their utility for endoscopic tattooing, a commonly used
method for lesions identification during gastroenterology and colorectal surgery. The aza-
BODIPYs positive fluorescent tattooing was observed on ex vivo human colonic tissue (Figure
63b), and their superior stability compared to ICG proved their clinical potential [183].
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Figure 62: (a) Structure of the lysosome-responsive NIR-emitting aza-BODIPY, composed of aza-BODIPY core (orange box), pH-
sensitive site (red box), and polyethylene glycol (PEG) polymer (blue box), for aqueous solubility and endocytosis promotion.
Confocal images showing the localization of the lysosome-responsive NIR-emitting aza-BODIPY (b), and the lysosome-associated
membrane protein 1 (LAMP1) (c), in Hela cells. Images overlay (d) and zoom-in (e) showing circumferential staining of LAMP1 to
the lysosome membrane, with the aza-BODIPY dye being within the lysosome acidic lumen. Scale bars represent 10 um (b-d) and
2 um (e). (f) Bioluminescence imaging localizes the MDA-MB-231-luc-D3H1 subcutaneous tumors in two representative mice. (g)
NIR fluorescence imaging of the same mice 24 h post intravenous administration of the lysosome-responsive NIR-emitting aza-
BODIPY (excitation 660—690 nm, emission 710-730 nm) [182].
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Figure 63: (a) Structure of ICG (1), and the two developed NIR-emitting aza-BODIPYs (2,3). (b) White light image (upper panel),
NIR fluorescence image shown in grey-scale (middle panel), and an overly of both fluorescence, presented in green, and white
light images (bottom panel) of an ex vivo colonic tissue, following 0.1 ml injection of 10 uM solutions of 1, 2 and 3. Images were
acquired using Novadaq PINPOINT Endoscopic instrument [183].

5.1.2 aza-BODIPYs for NIR-Il cancer fluorescence imaging

Recently, NIR-Il fluorescence imaging has emerged providing better penetration depth and
resolution compared to NIR-l imaging. The need for new NIR-Il fluorophores with easy synthesis,
sufficient brightness, and stable/tunable photophysical properties drove the synthesis of NIR-II
dyes based on the aza-BODIPY platform. By incorporating strong electron-donating groups at the
3, 5-positions, and 1, 2-positions of the aza-BODIPY core, large emission red-shifts from NIR-I to
NIR-II window could be achieved.

Accordingly, three NIR-II emitting aza-BODIPYs (NJ960, NJ1030, NJ1060) were synthesized with
variable Aemission=960, 1030, and 1060 nm, depending on the increasing electron-donating ability
of the incorporated groups (Figure 64a). These fluorophores showed slightly higher quantum
yields compared to other reported NIR-Il fluorophores such as CH1055, superior photostability,
and good brightness. For in vivo application, NJ1060 possessing the best photophysical properties
was encapsulated within the Pluronic F-127 matrix, forming 90 nm-sized NJ1060 nanoparticles
(NPs). Following intravenous injection of these NPs to mice bearing subcutaneous 4T1 tumors, a
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weak tumor fluorescence staining was observed 3h post-administration, then it was enhanced
until 24 h due to the EPR effect (Figure 64b). Strong fluorescence was also detected in the liver
and spleen. This study provided the starting point for the development of aza-BODIPYs based
NIR-II fluorophores for tumor NIR-II fluorescence imaging [184].
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Figure 64: (a) Chemical structure of NJ960, NJ1030, and NJ1060 NIR-Il emitting aza-BODIPYs. (b) NIR-II fluorescence images of a
mouse bearing subcutaneous 4T1 tumor on the shoulder, 1, 3, 6, and 8 h following intravenous injection of NJ1060 nanoparticles.
The tumor is indicated by red arrows [184].

More recently, another NIR-1l aza-BODIPY was implicated in the design of a pH sensor for dynamic
in vivo NIR-Il tumor pH monitoring [185]. The aza-BODIPY (Aemission= 949 nm) and a pH activable
rhodamine (Aemission= 1026 nm) were encapsulated within DSPE-PEG2000-OCHs; micelles, for
enhanced hydrophilicity and stability (Figure 65a). At low pH, rhodamine becomes protonated
and activated, and a Forster resonance energy transfer (FRET) can occur between the aza-BODIPY
(donor) and protonated rhodamine (acceptor), leading to a decrease in the aza-BODIPY 940 nm
emission and an increase in the protonated rhodamine 1026 nm emission, respectively (Figure
65a). After the intravenous injection to tumor-bearing mice, the pH sensors rapidly accumulated
within the tumors two hours following administration and were maintained for more than 24 h.
The decrease and increase in tumor pH, induced by vascular inclusion and intratumoral
administration of sodium bicarbonate respectively, were sensitively detected by a dual-channel
(940/1026 nm) ratiometric fluorescence imaging in the NIR-Il window (Figure 65b), and the data
were in accordance with those recorded by the pH meter.

These two examples demonstrate the potential of aza-BODIPYs-based fluorophores for NIR-II
tumor fluorescence imaging, further studies should focus on the construction of water-soluble
aza-BODIPYs with higher quantum yields. Articles 1, 2, and 3 of the thesis work section address
these issues, through the development of water-soluble aza-BODIPYs with enhanced quantum
yield.
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Figure 65: Schematic illustration of the pH sensor response to pH changes, in terms of NIR-Il emitted signals. In acidic pH (low pH),
the rhodamine (NRh) gets protonated (NRhH*) and activated, leading to a FRET between the aza-BODIPY (NAB) and the NRhH*.
This activation induces the NRhH*NIR-II emission within channel 2 while decreasing the NAB NIR-II emission in channel 1. (b)
Schematic illustration of the in vivo dynamic tumor pH monitoring using ratiometric NIR-II fluorescence imaging (ratio of channel
1/ channel 2) [185].
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5.2 BODIPYs fluorophores and their derivatives for cancer
therapy: BNCT in particular

Although BODIPYs have been widely investigated for tumor Photodynamic Therapy and
Photothermal Therapy, here we will focus on its implication in BNCT.

In an attempt to develop improved BNCT agents, Vicente et al. reported the synthesis of new low
molecular weight theranostic BNCT agents, based on BODIPYs fluorophores linked to one or two
carborane clusters (Figure 66) [186]. Spectroscopic analysis of these molecules revealed
absorptions and emissions within the visible window. The molecules’ blood-brain barrier (BBB)
permeabilities were assessed using a human brain endothelial cell line hCMEC/D3 as BBB model.
The different obtained permeabilities were explained by the molecules’ variable molecular
weights and hydrophobic character. One year later, the same group reported the synthesis of
other BODIPYs-containing carboranes [187]. In addition to spectroscopic analysis and BBB
permeability assessment, the molecules' cellular uptake and cytotoxicity were investigated in
vitro in T98G human glioma cells. Among the synthesized series, molecules with the highest BBB
permeability, tumor cell uptake, and minimal cytotoxicity presented the most promising BNCT
agents.

Figure 66: Representative examples of BODIPYs containing one (a) or two carborane clusters (b). Carboranes are indicated by
dashed red boxes [186].

More recently, Nufez et al. reported the synthesis of BODIPYs attached to different carboranyl
fragments (Figure 67) [188]. The variability in cellular uptake and subcellular localization within
Hela cells was attributed to the molecules’ variable static dipole moments and partition
coefficients, that determine their lipophilicity and their ability to interact with cells’ lipophilic
microenvironment. The BODIPY-carboranyl derivatives possessing higher lipophilicity showed
better cellular internalization, thus providing better boron carriers for BNCT.
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Figure 67: Representative examples of the BODIPYs-carboranyl molecules. Carboranyl molecules are indicated by dashed red boxes
[188].

Although the development of BODIPY-based BNCT agents can benefit from the fluorescence
properties of the BODIPY to track the boron compounds, this field is still in its primitive state.
None of the BODIPY-based BNCT agents bypassed the in vitro assessment into in vivo
investigations, and no evaluation under neutron beam was reported. This could be attributed to
the BODIPYs' visible emission properties, hydrophobic characteristics, and low boron content
that requires their coupling to molecules with high boron content (e.g. carborane). Future studies
should focus on the development of BODIPY-based BNCT agents emitting within the NIR
transparency window and possessing suitable solubilities. The development of aza-BODIPY-based
BNCT agents meeting these requirements will be presented in article 4 of the thesis work section.

Most of the BODIPYs reported biological applications were investigated in vitro. However,
considering the in vivo studies reported in the last five years confirms that BODIPYs and their
derivatives could be considered as important as cyanine dyes for in vivo and even clinical
applications.
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Thesis work

In this manuscript, | will present one part of my thesis work dedicated to the bioevaluation of
aza-BODIPYs fluorophores (provided by our collaborators at ICMUB (Institut de Chimie
Moléculaire de I'Université de Bourgogne, Dijon, France), for both NIR-II cancer imaging and
BNCT application. The second part of my thesis devoted to the biological assessment of polymer-
based nanogels (provided by our collaborators at the CERMAV, Grenoble, France), will not be
discussed here.

My thesis objectives were the following:

1) To evaluate NIR-Il emitting fluorophores possessing adequate biocompatibilities,
high quantum vyields, and selective tumor targeting capacities, in an attempt to
be used for NIR-Il tumor imaging in vivo and particularly for NIR-II FGS.

2) To evaluate theranostic boron compounds possessing adequate safety profiles,
sufficient and selective boron delivery into tumors, and intrinsic imaging
properties that allow boron quantification and subsequent adjustment of
neutron radiation doses, in an attempt to achieve enhanced BNCT efficacy.

In an attempt to achieve these goals, the obtained research data were organized in a patent and
four articles, of which two were published in peer-reviewed journals, and two are in preparation
to be submitted. The research work was also presented in several national and international
meetings, in which | was awarded three awards. Additionally, | was granted a GDR 2073 AIM
mobility grant to perform a short internship in Dijon.
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Article 1: Water-Soluble Aza-BODIPYs: Biocompatible
Organic Dyes for High Contrast In vivo NIR-Il Imaging

As discussed in section 3.6 of the introduction, the progress of the NIR-II fluorescence imaging
field is dependent both, on the development of affordable high-quality NIR-Il cameras, and the
design of biocompatible NIR-II fluorophores possessing high quantum yields. With the InGaAs
NIR-II cameras becoming more and more commercially available, the development of NIR-II
fluorophores possessing unique properties remains the main challenge. Several NIR-1l dyes have
been reported, yet none of them have bypassed the preclinical investigations due to their
potential toxicities, poor water solubilities, or low quantum yields, in addition to the costly
regularity investigations.

To address these issues, we worked in collaboration with the chemists at ICMUB (Institut de
Chimie Moléculaire de I'Université de Bourgogne) on the development and the biological
evaluation of NIR-Il emitting fluorophores based on aza-BODIPY platform. We were the first to
declare the use of aza-BODIPYs as contrast agents emitting in the NIR-Il window, in the patent
EP19315089.3 / PCT/EP2020/071865/ W02021/023731: “UTILISATION DE COMPOSES
FLUOROPHORES DE TYPE AZABODIPY COMME AGENTS DE CONTRASTE DANS L'INFRAROUGE
TRES LOINTAIN” Sancey L, Goze C, Bodio E, Busser B, Pliquett J, Godard A, Kalot G, Josserand V,
Le Guével X, Coll J-L, Denat F.

Following the patent filling, we published the article entitled “Water-Soluble Aza-BODIPYs:
Biocompatible Organic Dyes for High Contrast In vivo NIR-Il Imaging”, in bioconjugate chemistry
journal. In this paper, the first water-soluble aza-BODIPY emitting in the NIR-Il window i.e SWIR-
WAZABY-01 was described, and its potential for biological applications, in particular for in vivo
NIR-II tumor imaging, was investigated.

After synthesis and chemical characterization, the photophysical properties of SWIR-WAZABY-01
were investigated and showed a significant NIR-II signal with an emission tail reaching 1200 nm,
and Q.Y. of 2.5%. In vitro, the fluorophore was quickly internalized into U-87 MG tumor cells
cultured both in 2D and 3D. In vivo, SWIR-WAZABY-01 rapidly accumulated in rodents bearing U-
87 MG subcutaneous tumors with long-lasting retention (up to one week), and favorable tumor
to healthy tissues ratios (>10 after 72 h). Additionally, a primary toxicity study revealed no
adverse events in the main organs of non-desired accumulation (i.e. liver, kidney, and spleen).
These data demonstrated the great potential and biocompatibility of SWIR-WAZABY-01 for NIR-
[l tumor imaging in vivo. To assess the aza-BODIPY utility for NIR-II fluorescence-guided surgery,
further investigations were performed, and this will be the subject of article 2.

To note, | was responsible for the biological investigations applied in article 1. The chemical
synthesis and the photophysical studies were performed by the chemists and the physicists at
ICMUB and BAM (Federal Institute for Materials Research and Testing), respectively. | presented
this work as a poster-pitch at the “Clara Cancéropole 2021”.
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ABSTRACT: A simple NIR-II emitting water-soluble system has been developed and
applied in vitro and in vivo. In vitro, the fluorophore quickly accumulated in 2D and 3D cell
cultures and rapidly reached the tumor in rodents, showing high NIR-II contrast for up to 1
week. This very efficient probe possesses all the qualities necessary for translation to the

clinic as well as for the development of NIR-II emitting materials.

mong the different molecular imaging techniques, optical

imaging presents unique advantages, such as being
nonionizing and inexpensive, presenting high sensitivity and
resolution, and offering multiscale capability from in vitro
subcellular to in wvivo investigations. More recently, this
technique has been shown to be very promising in the clinic
for fluorescence-guided surgery (FGS)' thanks to the develop-
ment of fluorophores emitting in the NIR-I region (700—900
nm), which provide deeper penetration in the tissues and
images with improved quality relative to those obtained with
fluorophores emitting in the visible region.” Accordingly, there
is a need to develop fluorophores that emit in another region
of the light spectrum: the NIR-II region (1000—1700 nm, also
called shortwave infrared region or SWIR). In this optical
region, despite the strong absorption of water at 1400 nm, both
scattering and autofluorescence phenomena are reduced,
resulting in clearer tissue images compared to those obtained
in the NIR-L."*~° The pioneering reports showed that NIR-IT
fluorophores were nanomaterials (single wall carbon nano-
tubes, SWCNTS),6 Ag287 and PbS quantum dots,® and rare-
earth-doped nanoparticles,g_11 highlighting the potential of
NIR-II imaging at the preclinical stage. Unfortunately, their
clinical a%)plication is hampered because of their potential
toxicity.'”~ To date, only two types of organic NIR-II
fluorophores emitting over 1000 nm have been reported: (i)
polymethines with extended conjugation, including cyanine
dyes, and (ii) donor—acceptor—donor (D-A-D’) type com-
pounds based on a benzobisthiadiazole core, such as
CH1055,"°7"7 presenting better fluorescence properties and
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Optical imaging 1,250 - 1,700 nm

bimodal NIR II/photoacoustic properties.'® Some of these
NIR-II fluorophores have also been incorporated in multi-
functional nanostructure systems.'” However, these com-
pounds often require a tedious synthesis and are difficult to
functionalize or they display poor water solubility and limited
stability, which limit their use for biomedical applications.
Therefore, designing NIR-II-emitting fluorophores that avoid
these pitfalls and are suitable for biological applications is
challenging.

Aza-BODIPY (aza-dipyrromethene boron difluoride) fluo-
rophores are a very promising class of BODIPY fluorophores,
which present remarkable NIR-I fluorescence properties, high
quantum yields (QYs), and excellent chemical and photo-
physical stabilities, making them a very promising class of
fluorophores for preclinical optical imaging studies.”’ Very
recently, we noticed and reported the potential of aza-
BODIPYs as NIR-II fluorophores.”’ In parallel, Bai et al.
reported a complete photophysical study of similar derivatives
based on D-A-D’ structures, but their poor water solubility
limits their usefullness for in vivo studies.”* We, on the other
hand, developed aza-SWIR-01 (Figure 1), an aza-BODIPY
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Figure 1. Structure of the NIR-II aza-BODIPY dyes.

with an NIR-II emission maximum at approximately 980 nm in
DMSO (QY = 0.8%; Figure 2A, Table S2). To address the
poor water solubility of aza-BODIPYs, we previously reported
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Figure 2. (A) Absorption (black line) and fluorescence emission
spectra (red line) for aza-SWIR-01 in DMSO (A, = 707 nm,
emission between 800 and 1500 nm). (B) Absorption spectra and
photoluminescence (PL) emission range for SWIR-WAZABY-01 (A,
= 638 nm, emission between 720 and 1200 nm in mouse plasma).
(C) Expansion of the spectra shown in (B).
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a strategy based on the introduction of ammonium groups
onto the boron atom, which enabled us to prepare the first
class of water-soluble aza-BODIPYs, named WAZABYs.>
Here, we used this strategy to make aza-SWIR-01 water-
soluble, thus obtaining SWIR-WAZABY-01 (Figure 1), and we
will demonstrate its potential as an NIR-II fluorophore in vitro
and in vivo for NIR-II tumor targeting without any
vectorization strategy. SWIR-WAZABY-01 enriches the library
of available organic small fluorescent dye agents and represents
a valuable candidate for future translation to the clinic.

Aza-SWIR-01 was synthesized by adapting a previously
reported procedure”*** (see the Supporting Information (SI)
for the synthesis details). We then water-solubilized aza-SWIR-
01 in two steps: (1) substitution of the fluorine atoms on the
boron center using the Grignard reagent of N,N-dimethylpro-
pargylamine and (2) quaternization of the amino groups,
giving SWIR-WAZABY-01 (see the SI). The photophysical
properties of the water-insoluble dye aza-SWIR-01 in DMSO
revealed a sharp emission in the NIR-II region (Figure 2A) and
a QY of 0.8% (see the SI), which is due to its D-A-D’
character. The photophysical properties of the SWIR-
WAZABY-01 were evaluated in plasma (see the SI).
Interestingly, we observed an ~60 fold-enhancement of the
fluorescence signal in 10% plasma as compared to PBS (see
Figure S14) with prolonged emission up to 1200 nm and a QY
of 2.5% (see Figure 2B and C; SI Table S2 and Figure S15).
Such an increase in fluorescence intensity in the presence of
plasma has already been reported for indocyanine green."*~*°
It is postulated that the confinement of the probe in a
hydrophobic pocket of plasma components may minimize the
torsional rotations of the probe, leading to an increase in the
fluorophore’s quantum yield.*"**

Before the in vivo investigations, SWIR-WAZABY-01 was
first studied in vitro to evaluate its toxicity and distribution in
2D and 3D cell cultures (Figure 3). SWIR-WAZABY-01

Figure 3. Human glioblastoma U87MG cells cultured in (A) 2D and
(B) 3D incubated with SWIR-WAZABY-01 (red signal). Nuclei were
labeled with Hoechst (blue signal).

Enhanced contrast 5 min
A

showed no toxicity to healthy human cells (ie, MRCS
fibroblasts and HEK293 kidney cells) up to 20 uM (see the
SI). When incubated with human glioblastoma cells, SWIR-
WAZABY-01 rapidly stained the cell membrane and was
internalized by small cytoplasmic vesicles within a few minutes
(Figure 3A). In 3D cell cultures, SWIR-WAZABY-01 was
detected by fluorescence confocal microscopy on the outer cell
layers within 15 min. After 24 h of incubation, fluorescence
was present even in the core of the spheroid, demonstrating
the capacity of this compound to diffuse within the cell layers
(Figure 3B).

To further evaluate the potential of SWIR-WAZABY-01 in
vivo, the compound was then administered intravenously to
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Figure 4. In vivo distribution and behavior of SWIR-WAZABY-01 in mice bearing U87MG (A) at 1 min and (B) until 7 days, collected from 1250
to 1700 nm during 250 ms. Distributions were observed from 24 to 168 h post injection (C). (D) Tumor/skin and (E) tumor/muscle ratios from
in vivo and ex vivo analyses.

mice bearing subcutaneous U87MG tumor cells (Figure 4, n = induced by boron functionalization enables the intravenous
3/condition). The animals were imaged in the NIR-II window injection of SWIR-WAZABY-01 in mice bearing tumors.
before and after injection until day 7. SWIR-WAZABY-01 (200 SWIR-WAZABY-01 rapidly reached and accumulated in the

uL at 300 or 600 uM) is well tolerated (i.e., no obvious side tumor. We observed a long-lasting tumor retention of SWIR-
effects were observed, see Figure S17) and distributed very WAZABY-01, with favorable tumor-to-skin and tumor-to-
well in the animals presenting two half-lives (see Figure S18), muscle ratios. SWIR-WAZABY-01 offers new perspectives for
namely, 1.2 min for free circulating SWIR-WAZABY-01 and NIR-II optical imaging applications and cancer sciences;
55.5 min for SWIR-WAZABY-01 linked to plasma compo- further in vivo toxicity experiments will be performed to
nents, and the compound was mainly eliminated by the liver confirm the potential of this valuable dye for biomedical use.
with a maximum accumulation at early time points. This communication presents the first water-soluble NIR-II
Interestingly, it also rapidly accumulated in subcutaneous aza-BODIPY fluorophore suitable for in vivo NIR-II imaging of
tumors, even if not vectorized, reaching its maximum tumor tumors without vectorization.

uptake at 72 h after administration and enabling very clear

localization of the tumor site by NIR-II fluorescence imaging. B ASSOCIATED CONTENT

More precisely, the NIR-II fluorescence measurements @ Supporting Information

revealed that a maximum tumor-to-skin ratio (approximately The Supporting Information is available free of charge at

4) was reached 48 h after injection. Moreover, the ex vivo https://pubs.acs.org/doi/10.1021/acs.bioconjchem.0c0017S.
analysis indicated important residual staining of the tumor

even 1 week after injection (tumor-to-muscle ratio of ~30, at Experimental and syr}thesis detail.s; .IH NMR spectra;
day 7). Indeed, at day 7, SWIR-WAZABY-01 was mainly HPLC data; absorption and emission spectra; tissue
present in the tumor with a maintained uptake, while it had analysis (PDF)

begun to be eliminated from other organs. Such fast and long- Crystallographic data for aza-SWIR-01 (PDF)

term retention has never been reported previously for NIR-II
fluorophores, highlighting the great potential of SWIR-
WAZABY-01. For comparison, tumor-to-normal tissue ratios
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ESI Part

Experimental Part

Complete ESI is available online at
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.0c00175.

Photophysical characterization

Absorbance measurements were recorded on a UV-Vis-NIR spectrophotometer Cary5000
between 300 and 1,200 nm. Steady-state photoluminescence spectra were measured from
700 to 1,500 nm with a calibrated FSP 920 (Edinburgh Instruments, Edinburgh, United
Kingdom) spectrofluorometer equipped with a nitrogen-cooled PMT R5509P.

Relative measurements of photoluminescence QYs (Of,x) were performed using the dye IR125
dissolved in dimethylsulfoxide (DMSO) as reference. The QY of this dye was previously
determined absolutely to Of,st = 0.23. The relative QY were calculated according to the formula
of Demas and Crosby, see equation below.

2
Fr  Fst(lense) Tx(Pexx)
CDf,x = CDf,stF ' f (/1 ) *n2 (Aex,st)

st X exx st

The subscripts x, st, and ex denote sample, standard, and excitation respectively. f(A_ex ) is
the absorption factor, F the integrated spectral fluorescence photon flux, and n the refractive
index of the solvents used (DMSO for IR125 and aza-SWIR-01; 10% mouse plasma for
SWIRWAZABY-01).

All spectroscopic measurements were done in a 1 cm quartz cuvettes from Hellma GmbH at
room temperature using air-saturated solutions.

Table S2: Photophysical characterization of aza-SWIR-01 in DMSO and SWIR-WAZABY-01
in 10% plasma.

Compound Emission n Quantum Yield
(723-1,300 nm) (refractive index) (%)

IR125 32,800,000 1.48 23

aza-SWIR-01 1,183,000 1.48 0.83

SWIR-WAZABY-01 4,450,000 1.335 2.54
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Fluorescence calibration

Serial dilutions of SWIR-WAZABY-01 were performed in various aqueous media (PBS, NaCl
0.9%, Glucose 5%), BSA 40 g/L or mouse plasma, and the fluorescence was recorded from
1,250 to 1,700 nm (100 ms acquisition signal). Analyses were performed using FIJI software.
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Figure S14: Representative fluorescence of SWIR-WAZABY-01 in various media: (A) SWIR
imaging of the drops, and (B) their quantifications. SWIR-WAZABY-01 was moderately
fluorescent in BSA 40 g/L and highly fluorescent in plasma.
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Figure S$15: Absorbance and emission spectra of SWIR-WAZABY-01 kept in the dark at room
temperature (control) or continuously illuminated (sample) over a period of 180 min with light
of 638 nm (1.13 mW). SWIR-WAZABY-01 does not show any signs of significant
photobleaching after 180 minutes of illumination under these exemplarily chosen conditions.



Evaluation of cell toxicity

Human healthy cells (renal HEK293 and fibroblast MRC5) and glioblastoma U87MG cells were
cultured in appropriated medium enriched with fetal bovine serum before incubation for 72
hours with the indicated concentration of SWIR-WAZABY-01. Cell viability was assessed using
MTS assay following the company’s instructions (Abcam) and signal was measured at 490 nm,
ensuring to avoid any overlap with the SWIR compounds.

HEK293
MRCS
" us7MG

el LN L L ' -
A: T T
THE?!
| l|
o LHN il
0 1 2 5 10 20 50

SWIR-WAZABY-01 (uM)

100

~
w

Cell viability (%)
8

N
v

Figure S16: Cell viability of healthy kidney HEK293 and fibroblasts MRC5 cells, and
glioblastoma U87MG cells after 72 h exposure with SWIR-WAZABY-01. The cell viability was
assessed by MTS assay.

Mice experiments and pharmacokinetics

This experimental part was ethically approved by local and national ethics committee following
the European Guidelines (APAFIS #8782-201732813328550 v1). Mice were sub-cutaneously
injected with 3M U87MG cells, 3 weeks before imaging. The animals (n=3/time) were imaged
before and at different times after IV administration of 200 yL of SWIR-WAZABY-01 (600 uM).
NIR-Il imaging was performed using a Princeton camera 640ST (900-1.700 nm) coupled with
a laser excitation source at 0 = 830 nm (50 mW/cm?). A short-pass excitation filter at 1.000 nm
(Thorlabs) was used, in addition of long-pass filters on the SWIR camera from Semrock
(LP1.064 nm) and Thorlabs (LP1.250 nm). A 25 mm lens with 1.4 aperture (Navitar) was used
to focus on the samples or mice. After in vivo imaging, organs were sampled for ex vivo
analysis. Briefly, the organs were frozen and sections of 7 um were cut and stained with
hematoxylin and eosin. Representative histological sections are reported in Figure S16. They
indicated the absence of any microscopic change in the liver, kidney and spleen of the animals
after a bolus administration of the probe.



Figure S17: Tissue analysis of spleen, liver and kidney sections, 24 h after bolus injection of
SWIR-WAZABY-01, showed the absence of histological toxicity at the microscopic level.

Mice (n=3) were injected intravenously with 200 pL of SWIR-WAZABY-01 (300 uM) and blood
was collected just after injection and at the following times: 5, 10, 15, 30, 60, 120 and 300
minutes. Blood was centrifuged to sample and quantify the fluorescence in the plasma using
the 50 mm lens and LP1.064 nm. The pharmacokinetic was calculated using Prism software,
and fitted with two-phase decay equation.

Half Life (Fast) = 1.152
6 Half Life (Slow) = 55.45
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Figure S18: Plasma half-life of SWIR-WAZABY-01 in mice, fitted with two-phase decay
equation.
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Article 2: Lipoproteins interaction with water-soluble
NIR-II emitting aza-BODIPYs boosts the fluorescence
signal and favors selective tumor targeting

In the perspective of using the NIR-Il emitting aza-BODIPY (i.e. SWIR-WAZABY-01) described in
article 1 for NIR-II fluorescence-guided surgery, it was necessary first to explore how this aza-
BODIPY is transported in the blood circulation, how it is taken up by tumor cells, and will it be
suitable for a wide range of tumors. To address these questions, several in vitro and in vivo
investigations were performed and the results are presented in article 2, in preparation, entitled
“Lipoproteins interaction with water-soluble NIR-I emitting aza-BODIPYs boosts the fluorescence
signal and favors selective tumor targeting”.

Compared to other contrast agents or drugs that interact mainly with plasma proteins in the
circulation, SWIR-WAZABY-01 was shown to interact with plasma lipoproteins resulting in its
fluorescence enhancement. Lipoprotein gel electrophoresis and lipoprotein ultracentrifugation
assays confirmed this interaction. To observe if SWIR-WAZABY-01 interaction with lipoproteins
influences its tumor uptake, SWIR-WAZABY-01 was administrated to mice bearing tumors with
variable expression of lipoprotein receptors. Accordingly, variable accumulation profiles were
observed. Comparing SWIR-WAZABY-01 accumulation profiles to the lipoprotein receptors
expression in those tumors, a positive correlation was observed. In other words, SWIR-WAZABY-
01 tended to accumulate in tumors with high lipoprotein receptors expression.

To conclude, this dye interacts with lipoproteins in the bloodstream, and can specifically identify
and delineate tumors with high lipoprotein receptors expression like brain tumors (glioma and
glioblastomas). In perspective to target a wider range of tumors regardless of their lipoprotein
receptors expression, coupling SWIR-WAZABY-01 to biological targeting moieties such as
antibodies or peptides could be performed, and this will be the subject of article 3.

To note, | was responsible for the biological investigations applied in article 2. The lipoprotein
studies were performed at the “Lipids Nutrition Cancer laboratory” in Dijon, under the
supervision of Dr. Thomas Gautier. Thanks to the GDR 2073 AIM mobility grant (2000 €) that |
was granted, this two-week internship was possible. Another short stay is planned to finalize the
results. This study was presented as a poster at the “16™" European Molecular Imaging Meeting
(EMIM 2021)”, in which | was awarded the “EMIM 2021 Poster Award”.

An overview of plasma lipoproteins structure, types, physiological role, and role as delivery
vehicles in cancer, is discussed in the following section before article 2.
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Lipoproteins

Lipoproteins

1. Lipoproteins: General Overview

Lipoproteins are natural nanostructures present within biological fluids [189, 190]. They consist
of a central hydrophobic core of cholesterol esters and triglycerides, surrounded by a hydrophilic
monolayer of phospholipids, free cholesterol, and apolipoproteins (a specific type of proteins
associated with lipoproteins) (Figure 68). The major role of lipoproteins is to carry the water-
insoluble lipids, cholesterol, and triglycerides, within the circulation. The lipoproteins ensure the
transport of the dietary lipids from the intestine into the liver and peripheral tissues (through
exogenous lipoprotein pathway), the transport of the lipids from the liver into peripheral tissues
(through endogenous lipoprotein pathway), and the transport of the lipids from peripheral
tissues into the liver (through reverse cholesterol transport). These pathways will be discussed in
detail in the next section.

Surface Monolayer of
Phospholipids and
Free Cholesterol

Apolipoprotein

Hydrophobic Core
of Triglyceride and
Cholesteryl Esters

Figure 68: Schematic representation of lipoprotein structure [190].

According to their density, size, lipid, and apolipoprotein composition, seven classes of
lipoproteins can be defined: chylomicrons, chylomicron remnants, Very Low-Density
Lipoproteins (VLDL), Intermediate-Density Lipoproteins (IDL), Low-Density Lipoproteins (LDL),
High-Density Lipoproteins (HDL), and Lipoprotein (a) Lp (a) (Table 5, Figure 69). Chylomicrons,
VLDL, LDL, and HDL present the major classes. Apolipoproteins play an important role in
lipoproteins formation and structure, interaction with lipoprotein receptors, and enzymes
involved in lipoprotein metabolism.

Table 5: The seven lipoprotein classes and their corresponding densities, sizes, major lipids, and apolipoproteins composition [190].

Lipoprotein Density (g/ml) Size (nm) Major Lipids Major Apolipoproteins
Chylomicrons <0.930 75-1200 Triglycerides Apo B-48, Apo C, Apo E, Apo A-
1, A-ll, A-IV

Chylomicron 0.930-1.006 30-80 Triglycerides Apo B-48, Apo E

Remnants Cholesterol

VLDL 0.930-1.006 30-80 Triglycerides Apo B-100, Apo E, Apo C

IDL 1.006-1.019 25-35 Triglycerides Apo B-100, Apo E, Apo C
Cholesterol

LDL 1.019-1.063 18-25 Cholesterol Apo B-100

HDL 1.063-1.210 5-12 Cholesterol Apo A-l, Apo A-Il, Apo C, Apo E
Phospholipids

Lp (a) 1.055-1.085 ~30 Cholesterol Apo B-100, Apo (a)
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[191].

1,05
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2. Lipoprotein pathways

The exogenous lipoprotein pathway starts following ingestion of a fatty diet. In the intestine,
dietary lipids (triglycerides and cholesterol) are incorporated into chylomicrons, the largest
lipoproteins possessing Apo B-48 as the structural apolipoprotein and other apolipoproteins (Apo
C-ll, Apo A-V...). Following chylomicron release into the circulation (Figure 70, step 1), the
chylomicrons triglycerides (TG) are hydrolyzed by muscle and adipose tissues Lipoprotein Lipases
(LPL) releasing fatty acids (FA) that can be taken up by the cells. Apo C-lI, present on the surface
of the chylomicrons, serves as a co-factor for LPL activation. The catabolism of triglycerides
results in the conversion of chylomicrons into chylomicron remnants (Figure 70, step 2). These
later are smaller in size and enriched with cholesterol. Upon the loss of Apo C-Il, the chylomicron
remnants are cleared from the circulation by liver LDL receptor (LDLR) and LDL receptor-related
protein (LRP), recognizing the chylomicron remnants Apo E (Figure 70, step 3).

Thus, the exogenous lipoprotein pathway mediates the transfer of dietary triglycerides (fatty
acids) into muscle and adipose tissues for energy use and storage, and dietary cholesterol into
the liver for VLDL and bile acids formation or secretion into the bile.
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Figure 70: Schematic representation of the "Exogenous lipoprotein pathway" [190].

The endogenous lipoprotein pathway consists of VLDL formation in the liver. VLDL are
triglyceride-rich lipoproteins, possessing Apo B-100 as the structural apolipoprotein and other
apolipoproteins (Apo E, Apo C-Il...). Following VLDL release into the circulation (Figure 71, step
1), VLDL triglycerides are hydrolyzed by muscle and adipose tissues LPL releasing fatty acids that
can be taken up by the cells. Apo C-ll, present on the surface of the VLDL, serves as a co-factor
for LPL activation. The catabolism of VLDL triglycerides results in the formation of smaller,
cholesterol-enriched transitory lipoprotein called IDL (Figure 71, step 2). Maintaining Apo B-100
and Apo E on its surface, part of the IDL is cleared from the circulation by liver LDLR and LRP,
recognizing the IDL Apo E (Figure 71, step 3). However, the majority of the IDL (IDL triglycerides)
are hydrolyzed by lipases, converting IDL into a lipoprotein with further enhanced cholesterol
content, which is the LDL (Figure 71, step 4). LDL is the major cholesterol carrier in the circulation,
possessing Apo B-100 as the only apolipoprotein. LDL is cleared by the liver (70%) or taken up by
extrahepatic tissues through LDL receptor-mediated endocytosis by LDLR (Figure 71, step 5).
LDLR recognizes the Apo B-100 present on the surface of LDL particles.

Thus, the endogenous lipoprotein pathway mediates the transfer of triglycerides synthesized in
the liver into muscle and adipose tissues, and cholesterol into the liver and peripheral tissues.
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Figure 71: Schematic representation of the "Endogenous lipoprotein pathway" [190].

Reverse cholesterol transport from peripheral tissues into the liver involves HDL. HDL,
synthesized by the liver or intestine possesses majorly Apo A-l (Figure 72, Step 1). HDL acquires
phospholipids and cholesterol from hepatocytes, enterocytes, and other tissues (muscle,
adipocytes...) through ATP-binding cassette protein A1 (ABCA1l) and ATP-Binding Cassette
Transporter G1 (ABCG1) (Figure 72, Step 2). Apo A-l, present on the surface of HDL, mediates the
interaction of HDL with ABCA1 and ABCG1 receptors expressed on peripheral tissues.
Cholesterol carried by HDL is transferred to the liver through a selective uptake mediated by class
B, type | scavenger receptor (SR-BI) (Figure 72, Step 3). HDL binds SR-BI through Apo A-l and the
cholesterol is transported into the liver without HDL internalization, leading to a small
cholesterol-depleted HDL that is released back to the circulation. Alternatively, cholesterol can
be transferred from the HDL to Apo B containing lipoproteins (VLDL, LDL) in exchange for
triglycerides, serving as an alternative way to transport cholesterol into the liver (Figure 72, Step
4).

By transferring the excess of cholesterol from cells into the liver, reverse cholesterol transport
maintains optimal cholesterol levels and protects from atherosclerosis development.
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Figure 72: Schematic representation of the HDL metabolism and the “reverse cholesterol transport” [190].

Lipoprotein (a) (Lp (a)) is an LDL particle having an apolipoprotein (a) linked to its Apo B-100. Its
function is not yet known.

3. Lipoprotein receptors

3.1. LDL receptor (LDLR)

LDLR [190, 192] is present on the liver and other tissues, it recognizes Apo B-100 and Apo E
containing lipoproteins thus allowing the uptake of LDL, IDL, and chylomicron remnants via
receptor-mediated endocytosis.

Following lipoprotein binding to LDLR, the LDLR cluster into clathrin-coated pits that fold inward
and pinch, forming endocytic vesicles. These vesicles fuse with endosomes and upon pH
decrease, the LDL receptor can either dissociate from the lipoproteins and be recycled back to
the cell surface, or sorted towards the lysosomes where they get digested/degraded, releasing
the cholesterol content and amino acids (Figure 73).

The LDLR trip into and out of the cells requires around 10 minutes, thus providing an efficient
way for cholesterol delivery into the cells.
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Figure 73: Schematic representation of the LDLR mediated endocytosis of lipoproteins, in mammalian cells [192].

3.2. LDL receptor-related protein (LRP)

LRP is a member of the LDL receptor family, it is present on the liver and other tissues. It
recognizes Apo E-containing lipoproteins, thus mediating the uptake of chylomicron remnants
and IDL (which are the VLDL remnants) [193].

3.3. Class B, type | scavenger receptor (SR-BI)

SR-BI [190, 194] is present on the liver, adrenal glands, ovaries, testes, macrophages, and other
cells.

Following HDL binding to SR-BI, selective uptake of cholesterol into the liver and steroid-
producing cells occurs through a hydrophobic channel made up of SR-BI extracellular domains
(Figure 74). The cholesterol moves into the cells down a concentration gradient, without
internalizing the entire HDL particle. The cholesterol-depleted HDL particles return into the
circulation. It is worth noting that Apo A-l facilitates the interaction between HDL and SR-BI.

On the other hand, SR-BI mediates the efflux of cholesterol from macrophages and other cells
into the HDL particles. Accordingly, the physiological function of SR-BI as an HDL receptor was
validated.

’ ‘ ’
Figure 74: Schematic illustration of cholesterol transfer into liver cells via SR-BI. (a) Cholesterol-rich HDL binds to SR-BI present on
liver cells via Apo A-l. (b) HDL delivers its cholesterol content through SR-BI. (c) Cholesterol-depleted HDL is released into the
circulation [195].
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3.4. ATP-Binding Cassette Transporter A1 (ABCA1)

ABCA1 is expressed in many cells including hepatocytes, enterocytes, and macrophages. It
mediates the transport of cellular cholesterol and phospholipids into Apo A-I to form nascent
HDL particles [190, 196].

3.5. ATP-Binding Cassette Transporter G1 (ABCG1)

ABCGL1 is expressed in many different cell types and mediates the efflux of cellular cholesterol
into mature HDL particles [190, 197].

4. Lipoproteins in cancer targeting

Considering the altered metabolism and the high demand for cholesterol in cancer cells,
abnormal high expression of LDLR [198-200] and SR-BlI [201, 202], receptors involved in
cholesterol transfer into cells, has been widely observed in various tumor types including breast
[198, 200, 202], prostate [201] and brain cancers [203, 204]. In this context, long-circulating
lipoproteins (LDL and HDL) have been proposed and investigated for delivery of contrast/imaging
agents [205, 206] and therapeutic drugs [207, 208] to tumors overexpressing these receptors.
Biocompatibility, biodegradability, lack of immunogenicity, ability to carry hydrophobic and
hydrophilic payloads, and the possession of natural molecular targets (i.e. LDLR, SR-BI), provided
the main advantages of the LDL and HDL nanocarriers. VLDL and chylomicrons were rarely
studied due to their short half-lives [209].

Both natural and synthetic lipoproteins were utilized [209, 210]. Natural lipoproteins were
isolated from biological fluids mainly blood plasma, coupled to the imaging or therapeutic cargo
then administered. However, challenges of lipoprotein isolation, possible disease transmission,
and batch-to-batch inconsistency have led to the emergence of semi or fully synthetic
lipoproteins. Lipoproteins were synthesized by mixing protein subunits (natural, recombinant, or
synthetic apolipoproteins) with commercial lipids or other hydrophobic compounds in solution,
generating nanoparticles mimicking the natural ones, in which cargos can be loaded. Yet, there
is still a need for less-expensive, scalable, and commercially viable synthesis protocols to favor
the clinical translation of these tumor-targeting vehicles. Regardless of these challenges, LDL and
HDL delivery systems showed promising therapeutic potential and imaging capabilities in the
cancer field.
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Abstract

Following intravenous administration, the interaction of exogenous molecules with circulating
endogenous transporters can influence their photophysical properties as well as their fate, and
especially their recognition by different cell types. This type of interaction can be used to target
tissues of interest for drug delivery or imaging. In this study, we investigated the behavior of
SWIR-WAZABY-01 fluorophore, a water-soluble aza-BODIPY dye emitting in the NIR-II region,
both in vitro and in vivo. While the fluorescence emission of SWIR-WAZABY-01 was weak in
aqueous solutions, it was dramatically magnified in the presence of plasma. Further analyses
using lipoprotein gel electrophoresis and ultracentrifugation revealed interactions between
SWIR-WAZABY-01 and plasma lipoproteins in vitro, in particular with LDL. Western blotting
and immunohistology analysis revealed that tumors possessing high lipoprotein receptor
expression are the ones with significant in vivo SWIR-WAZABY-01 tumor accumulation. Overall,
we could conclude that SWIR-WAZABY-01 interacts with human lipoproteins enabling their
NIR-II fluorescence properties and targeting capacity toward tumors expressing high levels of
lipoprotein receptors. Accordingly, SWIR-WAZABY-01, by exploiting endogenous lipoproteins,
arises as a new, relevant tool to efficiently label tumors.
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1. Introduction

Twenty years ago, fluorescence imaging in the NIR-II window (1000-1700 nm) has emerged [1].
Providing less photon scattering and reduced autofluorescence, NIR-II imaging has surpassed
imaging in the NIR-I region (700-900 nm), resulting in clearer images with an enhanced signal-
to-noise ratio [2]. Pioneering NIR-II fluorophores were inorganic dyes including single-walled
carbon nanotubes (SWCNTs) [3], quantum dots [4], and rare-earth-doped nanoparticles [5].
Organic NIR-II fluorophores were also developed based on donor-acceptor-donor systems [6]
and cyanine dyes [7]. Despite promising tumor imaging capacities in preclinical tumor models,
these NIR-II fluorophores presented long-term toxicities [8, 9], low quantum yields [4, 6], and
poor water solubilities that hindered their clinical application.

To address these issues, we recently developed a water-soluble organic fluorophore based on the
aza-BODIPY platform [10] with unique fluorescence properties in the NIR-II window and
showing a favorable tumor-targeting capacity even in the absence of any vectorization. With no
systematic toxicities observed, this aza-BODIPY named SWIR-WAZABY-01 presented great
potential for clinical translation as compared to previously reported dyes. In the perspective of
using SWIR-WAZABY-01 for NIR-II fluorescence-guided surgery, it is important to understand
how the SWIR-WAZABY-01 accumulates in tumors and to validate its effectiveness for various
tumor types.

Once introduced into the organism, exogenous molecules may interact with endogenous
biomolecules, acquiring a unique biological identity that will influence their biodistribution,
pharmacokinetics, and fate in vivo [11]. Among the endogenous molecules, interactions with
plasma proteins, especially albumin, have been widely studied [12, 13]. However, limited studies
have addressed the interaction of exogenous molecules with less abundant species such as plasma
lipids [14] or lipoproteins [15].

Lipoproteins are naturally occurring macromolecular complexes composed of lipids and
apolipoproteins [16]. They are responsible for transporting water-insoluble lipids (cholesterol,
triglycerides...) in the circulation. According to their size, density, type of apolipoproteins and
lipid composition, several classes of lipoproteins can be identified, with chylomicrons, very-low-
density lipoproteins (VLDL), low-density lipoproteins (LDL), and high-density lipoproteins
(HDL), being the major ones.

Cancer-related metabolic alterations are associated with higher demand for cholesterol that is
required for cell proliferation and buildup of new cell membranes [17]. LDL and HDL provide a
major source of cholesterol for tumor cells, evidenced by the elevated expression of LDL and HDL
lipoprotein receptors: LDL receptor (LDLR) [18, 19] and Class B Scavenger receptor BI (SR-BI)
[20, 21], observed in multiple cancer types. In this context, LDL and HDL lipoproteins have been
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proposed as an appealing platform to deliver imaging [22, 23] and therapeutic molecules into
tumors [24, 25], taking advantage of their biocompatibility, biodegradability, long-circulation
time, and selective targeting toward cells overexpressing LDL and HDL lipoprotein receptors.
Both isolated lipoproteins (from blood plasma) and synthetic ones were applied for tumor
targeting.

To evaluate the potential of the SWIR-WAZABY-01 for fluorescence-guided surgery, the dye was
administered intravenously to mice-bearing brain tumors (U-87 MG), pancreatic carcinoma
(PANC-1), and Head and Neck carcinoma (CAL-33). We observed a huge difference in SWIR-
WAZABY-01 tumor uptake between the different tumor types. To identify the rules driving the
tumor accumulation, we investigated the possible interactions of the fluorophore with plasma
content, in particular the interaction with lipoproteins. We observed that interactions between
SWIR-WAZABY-01 and lipoproteins increased the fluorescence properties of the dye, and
allowed a specific tumor accumulation toward cancer cells displaying a high expression of
lipoprotein receptors (LDLR, SR-BI).

2. Materials and Methods

NIR-II imaging
NIR-II fluorescence imaging was performed using a Princeton camera 640ST (900-1700 nm)
coupled to a laser excitation source of A = 830 nm (50 mW/cm?). A short-pass excitation filter at
1000 nm (Thorlabs), and long-pass filters LP1064 nm (Semrock) and LP1250 nm (Thorlabs) were
added to the NIR-II camera. A 25 mm lens with a 1.4 aperture (Navitar) was used to focus on the
mice and drops.

In vivo NIR-II imaging

All the animal experiments were approved by the Animal Ethics Committee of the French
Ministry, under the agreement number APAFIS#8782-2017032813328550, and were performed
according to the Institutional Animal Care and Use Committee of Grenoble Alpes University.
These experiments were carried out within the Small Animal Imaging Platform (Drs X. Le Guével/V.
Josserand), IAB Grenoble.

Female NMRI nude mice (6-week-old) (Janvier Labs, Le Genest-Saint Isle, France) were
subcutaneously injected on their right flank with either 5 million of human glioblastoma
astrocytoma U-87 MG cancer cells or 8 million of human pancreatic carcinoma of ductal cell origin
PANC-1 cancer cells, or 5 million of human tongue squamous cell carcinoma CAL-33 cancer cells,
or 10 million of human ovarian adenocarcinoma SKOV-3 cancer cells, or 8 million of human
ovarian adenocarcinoma OVCAR-3 cancer cells (n=3/condition). The used cell lines were obtained
from the European Collection of Authenticated Cell Cultures (ECACC, French authorization
CODECOH DC-2020-4226). They were cultured in a 37°C humidified environment containing 5%
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COz, and in DMEM media supplemented with 10% heat-inactivated fetal bovine serum. For U-87
MG cell cultures 1% non-essential amino acids were added.

Following tumor growth, the mice were intravenously injected in their tail vein with 200 uL of
600 uM SWIR-WAZABY-01 solution diluted in PBS. Whole-body NIR-II fluorescence imaging
was performed before and after administration at 5, 24, and 48 h. At 48 h, the mice were
euthanized and their organs were sampled for ex-vivo fluorescence imaging. Acquired images
were analyzed using Fiji software, and semi-quantitative fluorescence data were obtained by
drawing regions of interest (ROI) around the organs.

NIR-II imaging of drops

150 uM SWIR-WAZABY-01 solution was serially diluted in blood plasma, bovine serum albumin
(BSA) 40 g/L, glucose 5%, sodium chloride (NaCl) 0.9%, and phosphate buffered saline (PBS)
solution. 10 pL of the diluted samples were dropped on a paraffin paper and imaged by a NIR-II
camera. Similarly, NIR-II images of SWIR-WAZABY-01 diluted in normal and fat-enriched
plasma obtained from healthy and dyslipidemic donors were acquired.

Experimental conditions

The following conditions were used for incubation prior to analyses using lipoprotein gel
electrophoresis and lipoprotein ultracentrifugation. 150 puL of each condition were prepared. A
100 uM SWIR-WAZABY-01 solution was selected to obtain a good fluorescence signal without
quenching. LDL, HDL, and VLDL, isolated from blood plasma by density-gradient
ultracentrifugation were used at their physiological concentrations indicated by “[ Jp” in Table 1.

Table 1: Experimental conditions assessed using lipoprotein gel electrophoresis and lipoprotein
ultracentrifugation.

Experimental condition Final volume, 150 uL (100 uM SWIR-WAZABY-01)
PBS + Plasma 15 uL PBS 135 puL Plasma
SWIR-WAZABY-01 + PBS 15 uL SWIR-WAZABY-01 | 135 uL PBS
SWIR-WAZABY-01 + Plasma 15 uL SWIR-WAZABY-01 | 135 pL Plasma
SWIR-WAZABY-01 + LDLp 15 uL SWIR-WAZABY-01 | 135 uL [LDL]p=1.5 g/L
SWIR-WAZABY-01 + HDLp 15 uL SWIR-WAZABY-01 | 135 uL [HDL]p=10.45 g/L
SWIR-WAZABY-01 + VLDLp 15 uL SWIR-WAZABY-01 | 135 uL [VLDL]p=0.5 g/L

Lipoprotein electrophoresis on agarose gel

Lipoprotein gel electrophoresis (BIOTEC-FISCHER Agarose Gel Kit LPE) separates plasma
lipoproteins (LDL, VLDL, and HDL) according to their electrostatic charges.

Five (5) uL of each experimental condition were loaded onto the agarose gel. Following 30 min
of migration, the gel was fixed and dried. Fluorescence imaging of the gel was performed to
localize the SWIR-WAZABY-01 (ChemiDoc MP imaging system with Aex. = 835 nm and Aem. = 850
nm), then Sudan Black staining allowed to localize the different lipoproteins. Superimposing the
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fluorescence and the black/white images allowed the determination of possible SWIR-WAZABY-
0O1-lipoprotein interactions.

Lipoprotein ultracentrifugation

Three-step sequential ultracentrifugation, in TLA100 rotor (Beckman, Palo Alto, CA), was used
to fractionate plasma into its three lipoprotein components (VLDL, LDL, and HDL) and free
proteins according to their densities: VLDL fraction (d <1.006), LDL fraction (1.006 <d <1.063),
HDL fraction (1.063 <d <1.21) and protein fraction (d >1.21). Densities were adjusted by mixing
the samples with PBS or KBr solutions ([KBr]) with the appropriate density.

The sequential ultracentrifugation was done as follows:

First run: 50 puL of plasma gently mixed with 150 uL of PBS, in a thick wall polycarbonate tube
(230 pL, 7 x 20 mm — 4 000Pk, Beckman Coulter), was subjected to an ultracentrifugation run of
100 000 turns/min for 2 h, leading to the separation of VLDL (at top). Second run: the non-
separated components of the 1% run (at the bottom, 50 uL) were collected, mixed with 50 uL of
[KBr] =1.125 and 100 uL of [KBr] =1.063, and subjected to a second ultracentrifugation run of 100
000 turns/min for 3 h. By the end of the second run, LDL was collected at the top. Third run, the
non-separated components of the 2" run (at the bottom, 50 uL) were collected, mixed with 50 uL
of [KBr] = 1.357 and 100 pL of [KBr] =1.21, and subjected to a third ultracentrifugation run of 100
000 turns/min for 5.5 h. This final step separated the HDL (at top) from free proteins being at the
bottom of the tube.

Overall, 50 uL of each experimental condition was subjected to sequential ultracentrifugation,
resulting in four fractions (VLDL, LDL, HDL, and free proteins). These fractions (50 puL each)
were transferred into a black bottom 96-well-plate, and the SWIR-WAZABY-01 fluorescence was
collected at 850 nm following its excitation at 638 nm (TECAN plate reader).

Western blot

U-87 MG, PANC-1, and CAL-33 tumor cells cultured in 2D were harvested, washed with PBS,
lysed and their protein content was quantified using Micro BCA™ Protein Assay Kit (Thermo
Fisher Scientific). Forty micrograms of protein/cell line were loaded into a 12% polyacrylamide
gel. Following migration/electrophoresis, the proteins were transferred onto an activated PVDF
(polyvinylidene difluoride) membrane (#10600023, Amersham). The membrane was then blocked
with 5% milk for 1 h at RT, and incubated with primary antibodies overnight at 4°C: anti-LDL
receptor antibody (1/1000, Abcam [EP1553Y] (ab52818)), anti-scavenging receptor SR-BI antibody
(1/2000, Abcam [EPR20190] (ab217318)), and anti-GAPDH antibody (1/1000, SC-365062, Santa
Cruz Biotechnology) serving as loading and transfer control. The membrane was then incubated
with the secondary antibodies, anti-mouse/rabbit-horseradish peroxidase HRP (1/2000, #7076S,
Cell Signaling Technology) for 1h at RT. The proteins (LDLR/SR-B1/GAPDH) were finally
revealed using Clarity Western ECL Substrate (Bio-Rad), and western blot imaging was
performed using Fusion FX (Vilber). LDLR/SR-BI bands intensities were quantified and
normalized to GAPDH bands in each cell line, using Image] software.
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Immunohistochemical analyses

Excised tumor tissues (U-87 MG, PANC-1, CAL-33) were frozen in OCT-embedding medium
(VWR international, Fontenay-sous-Bois, France), cut into 7 um thick sections using a
cryomicrotome and mounted onto SuperFrost Ultra Plus slides (Thermo Fisher Scientific). The
sections were then fixed with 4% formalin, subjected to heat-mediated antigen retrieval, blocked
with BLOXALL (SP600, Vector laboratories) and 2.5% horse serum (MP 7401, Vector laboratories),
incubated with 1v antibodies (anti-LDLR antibody [EP1553Y] (ab52818) or SR-BI antibody
[EPR20190] (ab217318)) overnight at 4°C, incubated with 2rd antibody ImmPRESS™ HRP
Polymer Anti-Rabbit IgG for 30 min at RT, and revealed using ImmPACT™NovaRED™Diluent
(SK 4805, Vector laboratories). To localize the nucleus, the slides were counterstained with
Hematoxylin. Finally, the slides were dehydrated using ethanol and xylene, mounted with
merckoglass and coverslips. The sections were imaged using Zeiss Axiolmager M2 microscope.

3. Results

Recently, we developed the first water-soluble aza-BODIPY dye (Figure 1a) emitting in the NIR-
II window (named SWIR-WAZABY-01), with an emission peak at 960 nm and an emission tail
reaching 1200 nm (Figure 1b,c), and evaluated its capability for tumor imaging in vivo. Without
any specific targeting moiety, SWIR-WAZABY-01 clearly stained subcutaneous U-87 MG tumors,
with prolonged retention up to one week (Figure 1d), and favorable tumor to healthy tissue ratios
(Figure 1e,f). It was mainly eliminated by the hepatic route (Figure 1g) and no systemic toxicities
were observed. Altogether these data present SWIR-WAZABY-01 as a promising candidate for
biomedical applications, in particular, NIR-II fluorescence-guided surgery [10].

Considering that SWIR-WAZABY-01 has unique NIR-II fluorescence properties and significant
tumor-targeting capacity for U-87 MG tumors, we investigated the biological behavior of the
fluorophore and its tumor accumulation properties in different tumor types. The fluorophore was
administered to mice bearing subcutaneous tumors of different origins: U-87 MG (human
glioblastoma astrocytoma), PANC-1 (human pancreatic carcinoma of ductal cell origin), CAL-33
(human tongue squamous cell carcinoma), SKOV-3, and OVCAR-3 (human ovarian
adenocarcinomas) (see Supplementary Information for SKOV-3 and OVACR-3, Figure S1).
Similar to previously reported data, the SWIR-WAZABY-01 rapidly reached and accumulated in
U-87 MG and PANC-1 tumors (Figure 2a), and the tumors were clearly evidenced at both 24 and
48 h post-administration. On the contrary, CAL-33, SKOV-3, and OVCAR-3 tumors were difficult
to visualize at the different imaging time points (Figure 2a, Figure S1a). Furthermore, ex-vivo U-
87 MG and PANC-1 tumors possessed favorable Tumor/Muscle ratio (~7) and Tumor/Skin ratio
(~1), which were twice those achieved for CAL-33, SKOV-3, and OVCAR-3 tumors (Figure 2b,
Figure S1b). This inconsistency in the SWIR-WAZABY-01 tumor uptake could be attributed to
the enhanced permeability and retention effect (EPR effect) and/or could reveal a specificity in
tumor accumulation induced by a selective tumor targeting mechanism.
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Figure 1: SWIR-WAZABY-01 NIR-II fluorescence properties and tumor-targeting capacity. (a) Structure of the
water-soluble NIR-II emitting SWIR-WAZABY-01. (b) Absorption (black line) and fluorescence emission spectra
(purple line) of SWIR-WAZABY-01 in mouse plasma. (c) Expansion of the spectra shown in (b). (d) NIR-II fluorescence
imaging of a mouse bearing subcutaneous U-87 MG tumor, before and up to 7 days post SWIR-WAZABY-01
administration (200 pL at 600 uM). Tumor/skin ratios (e) and tumor/muscle ratios (f) obtained from in-vivo and ex-vivo
analyses respectively. (g) SWIR-WAZABY-01 biodistribution at different time points. The results are expressed as the
mean + standard deviation (S.D.) (n=12) (Adapted with permission from KALOT et al. Bioconjugate Chem 2020,
copyright © 2020, American Chemical Society).

To address these hypotheses and to understand the mechanism of tumor accumulation, it was
essential first to decipher how this NIR-II emitting fluorophore is carried in the blood stream. Is
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Figure 2: SWIR-WAZABY-01 tumor-dependent accumulation and staining. (a) NIR-II fluorescence imaging of mice
bearing subcutaneous U-87 MG, PANC-1, and CAL-33 tumors before and at 5 24 and 48 h post intravenous
administration of SWIR-WAZABY-01 (200 pL at 600 uM). Tumors and livers are indicated by yellow arrows. Note:
mice bearing PANC-1 tumors were imaged at 1 h post administration instead of 5 h. (b) Ex-vivo tumor/muscle and
tumor/skin ratios calculated from excised organs. The results are expressed as the mean + S.D. (n=3/condition).

it freely transported, linked to protein corona, or coupled to other plasma components? To this
end, the fluorophore was serial diluted in several media and assessed for its fluorescence signal.
As indicated in Figure 3a,c, and Figure S2d, the SWIR-WAZABY-01 fluorescence was quenched
in PBS, NaCl 0.9%, and glucose 5%. When diluted in presence of 40 g/L of albumin, the
fluorescence was faintly restored. However, the fluorophore diluted in blood plasma was
strongly fluorescent, as indicated by the recovery of the drops’ fluorescent signal. The
fluorescence signal was almost similar in DMSO and blood plasma (See ESI Figure S2a).
Therefore, we postulated that some interactions with plasma components, other than albumin,
drive the SWIR-WAZABY-01 distribution and optical properties. Additionally, mixing the SWIR-
WAZABY-01 with dyslipidemic (fat-rich) plasma further enhanced its fluorescence compared to
normal plasma (Figure 3b, Figure S2b,c). The fluorescence enhancement suggested that plasma
lipids or lipoproteins may play a role in the SWIR-WAZABY-01 fluorescence, and may interact
directly with the dye.

To investigate this assumption, two lipoprotein separation techniques were performed:
lipoprotein gel electrophoresis and sequential ultracentrifugation. Lipoprotein gel
electrophoresis allows the separation of the main human plasma lipoproteins, i.e. LDL, VLDL,
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Figure 3: SWIR-WAZABY-01 solvent-dependent fluorescence. (a) NIR-II fluorescence image of SWIR-WAZABY-01
(150 uM) serial dilution in phosphate buffered saline (PBS), sodium chloride (NaCl) 0.9%, glucose 5%, bovine serum
albumin (BSA) 40 g/L, and blood plasma. (b) NIR-II fluorescence image of SWIR-WAZABY-01 serial dilution in normal
and dyslipemic (fat-enriched) blood plasma, obtained from healthy and dyslipidemic donors respectively. (c)
Quantification of the drops fluorescence in (a).

and HDL (Figure 4a), according to their electrostatic charges. The lipoproteins were then stained
by Sudan black staining to be visualized on the gel (Figure 4b, lane 1). In absence of fluorophore,
no fluorescence signal was evidenced in the plasma. In absence of plasma, the SWIR-WAZABY-
01 fluorescence signal migrated in direction of the anode (lane 2) in a faint and diffuse band.
Colocalization between the SWIR-WAZABY-01 fluorescence signal and the lipoprotein bands
was observed in the mix of SWIR-WAZABY-01 and plasma (lane 3). The main interaction
matched with the LDL band. This strong colocalization pattern was also detected in lane 4
containing the SWIR-WAZABY-01 mixed with a single lipoprotein fraction of LDLp (“p” for used
at physiological concentration). On the contrary, weak colocalizations were observed in presence
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Figure 4: Aza-BODPIY interaction with plasma lipoproteins revealed by lipoprotein gel electrophoresis and
ultracentrifugation. (a) Illustration of the lipoproteins (chylomicrons, VLDL, LDL and HDL) (smart.servier.com). (b)
Overlay of SWIR-WAZABY-01 fluorescence image and black/white image of the lipoprotein electrophoresis gel. SWIR-
WAZABY-01 fluorescence is designated by red color while the lipoprotein bands (LDL, VLDL, HDL) are detected in gray,
thanks to Sudan Black staining. (c) Illustration of the three-step ultracentrifugation assay of blood plasma, resulting in the
separation of plasma lipoproteins (VLDL, LDL and HDL) and proteins, according to their densities. (d) Photos illustrating
the SWIR-WAZABY-01 (blue-green color) co-localization with plasma lipoproteins (VLDL/ LDL/ HDL) after each
ultracentrifugation step, in the SWIR-WAZABY-01 + plasma condition. (e) Quantification of SWIR-WAZABY-01 (SW)
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of SWIR-WAZABY-01 mixed with HDLp, or VLDLp (lane 5, and 6 respectively). Altogether these
100



data demonstrate that the SWIR-WAZABY-01 fluorophore interacts with plasma lipoproteins,
mainly the LDL and to a lesser extent HDL and VLDL.

To further confirm the SWIR-WAZABY-01-lipoprotein interactions, lipoproteins were also
isolated from human plasma using ultracentrifugation assay. Following 3-step sequential
ultracentrifugation of plasma, 4 fractions were separated according to their densities,
corresponding respectively to VLDL, LDL, HDL, and free proteins (Figure 4c). The SWIR-
WAZABY-01 solution, which color is blue-greenish, allowed the identification of the fluorophore
within the fractions before its quantification. A co-localization between the SWIR-WAZABY-01
and the three lipoproteins fractions (VLDL, LDL, HDL) was observed after each
ultracentrifugation run of the mix SWIR-WAZABY-01 and human plasma solution, while no co-
localization was observed with the protein fraction (Figure 4d). Furthermore, the fluorescence of
the 4 fractions (VLDL, LDL, HDL, and free proteins) of each experimental condition was
quantified (Figure 4e). The results evidenced that within the mix SWIR-WAZABY-01 and plasma,
the LDL fraction contained the major fluorescence signal (62.7 % of total), followed by VLDL (20.6
%) and HDL (16.3 %) fractions, whereas no substantial fluorescence was detected in the free
protein fraction. Interestingly, while the mix of SWIR-WAZABY-01 and a single fraction of LDLp
evidenced a major interaction of the dye with the LDL, some fluorescence signal was surprisingly
observed within the fraction corresponding to the VLDL. Therefore, we can hypothesize that the
interaction of the low molecular weight fluorophore with the LDL, partially affects the density of
the lipid moiety allowing the total LDL fraction to be spared into the LDL and VLDL fractions.
Such results were also observed when mixing SWIR-WAZABY-01 and HDLp: a moderate fraction
of the SWIR-WAZABY-01 fluorophore was quantified within the HDL condition (40%), and the
density of the HDL was modified as evidenced by a large part of the fluorescence signal detected
in the fraction corresponding to the LDL. The mix SWIR-WAZABY-01 with VLDLp confirmed
the slight interaction of the 2 entities. No fluorescence was detected in the mix of SWIR-
WAZABY-01 and PBS, or within the free protein fractions. Altogether, these results supported
the hypothesis that the SWIR-WAZABY-01 interacts with plasma lipoproteins, predominantly
with the LDL. LDL may therefore play a major role in SWIR-WAZABY-01 transport in vivo.

Bearing in mind that in vivo SWIR-WAZABY-01 could be distributed in the bloodstream coupled
to lipoproteins and that several tumors overexpress lipoprotein receptors, we evaluated the
influence of lipoprotein receptors expression in tumors on the SWIR-WAZABY-01 accumulation.
The expression of LDLR and SR-B1 (i.e. the main receptors for LDL and HDL, respectively) were
studied using western blotting of tumor cell extracts (Figure 5a,b) and immunohistochemical
analysis of excised tumor sections (Figure 5c). The western blot analysis indicated a strong
expression of the LDLR in the U-87 MG cell line while its expression was very faint or absent in
PANC-1, CAL-33, SKOV-3, and OVCAR-3 (see Figure S3). SR-B1 was overexpressed in PANC-1,
and weakly expressed or not detected in U-87 MG, CAL-33, SKOV-3, and OVACR-3. These results
were confirmed by immunohistology investigations on different tumor sections: U-87 MG
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overexpressed the LDLR, PANC-1 overexpressed SR-B1, while both receptors were not or poorly
expressed in the other cell lines. Comparing those lipoprotein receptors expression patterns to
the SWIR-WAZABY-01 tumor accumulation in vivo (Figure 2 and Figure S1), lead to identifying
a strong correlation between the SWIR-WAZABY-01 tumor accumulation and the tumor
lipoprotein receptors expression. We can conclude that the expression of lipoprotein receptors by
tumors, and more particularly LDLR and SR-BI expression, influences the SWIR-WAZABY-01
accumulation in vivo, additionally to the EPR effect.
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Figure 5: Lipoprotein receptors expression profile in tumor cells (a) and resected tumors (b). (a) Lipoprotein receptors
(LDLR, SR-BI) expression in U-87 MG, PANC-1 and CAL-33 cells, assessed by western blotting of whole cell extracts.
GAPDH served as a loading control. (b) Quantification of LDLR and SR-BI expression relative to GAPDH. The results
are represented as the mean of 3 independent experiments + S.D. (c) Lipoprotein receptors (LDLR, SR-BI) expression in
U-87 MG, PANC-1 and CAL-33 excised tumors, detected by immunohistochemical staining.

102



4. Discussion

The development of NIR-II emitting fluorophores for image-guided surgery, aiming at
discovering molecules with performant optical properties, favorable biological behavior in terms
of water-solubility, enhanced pharmacokinetics, long-term retention, and selective uptake in the
tumor area, is a real challenge. The pharmacokinetics properties are partly driven by potential
interactions of the molecule of interest with plasma content. Albumin is the most abundant
protein in plasma, and a remarkable carrier for many dyes [26], or chemical drugs [27, 28]. As any
molecule administrated in the bloodstream, fluorophores can also interact with blood
components. Previously reported studies investigated interactions of some BODIPYs with serum
albumin [29] and blood plasma proteins [30]. Here, we investigated the interaction of a water-
soluble NIR-II emitting aza-BODIPY derivative with plasma lipoproteins.

We investigated the possible interactions of the SWIR-WAZABY-01 with albumin and
lipoproteins and discovered that SWIR-WAZABY-01 fluorophore mainly interacts with LDL
lipoproteins, and to a lesser extent with HDL and VLDL lipoproteins, in human plasma ex vivo
(Figure 4b,e). This finding could be explained by the quantitative and qualitative properties of
the human lipoprotein system, with the LDL being the most abundant lipoprotein and the one
possessing the highest amount of cholesterol [16].

Despite the functionalization of SWIR-WAZABY-01 on the boron atom that eases its water-
solubility [31], SWIR-WAZABY-01 possesses a large aromatic structure that may facilitate its
interactions with lipophilic structures similar to those present in lipoproteins [32]. Similar studies
have reported the interaction of the fluorescent indocyanine green (ICG) with the hydrophobic
pocket of the albumin [33]. In our case, we can postulate that the association of SWIR-WAZABY-
01 with lipoproteins could also help to isolate the fluorophore and/or minimize its vibration,
participating in the increase of fluorescence [33].

The interaction of SWIR-WAZABY-01 with the lipoproteins slightly modified both the global
charge and density of these lipidic moieties. As the fluorophore is positively charged in solution,
it increased the positive charge of the lipoproteins, as observed by the migration shift of
lipoprotein bands towards the negative end of the membrane when mixed with the aza-BODIPY
(Figure 4b). Similarly, the overall density of the lipidic vectors was decreased in presence of the
dye (Figure 4e). These modifications constitute further proof of the tight interaction between the
probe and the lipoproteins.

Since the LDL endocytic pathway and the HDL cholesterol delivery were proven to be highly
active in malignant cancer cells, the use of LDL and HDL as endogenous drug carriers to target
cancer cells has been proposed. Such vectorization has been reported for the delivery of siRNA
[34]/ genes [35], chemotherapies [25, 36]/ anticancer drugs [37], and fluorescent probes [22, 23].
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However, the complexity of LDL and HDL isolation, storage, and drug incorporation strategies,
hindered its industrial development. Similarly, the development of synthetic LDL and HDL-like
particles was highly complicated. In the present case, the interaction between SWIR-WAZABY-
01 and endogenous LDL and HDL occurs spontaneously after SWIR-WAZABY-01
administration. Therefore, lipoproteins act as natural carriers vectorizing SWIR-WAZABY-01
towards cells overexpressing LDLR and SR-BI, respectively. Similar spontaneous in vivo loading
of squalenoylated anti-cancer drugs into lipoproteins and cancer targeting have been reported
[38, 39].

The selective targeting of SWIR-WAZABY-01 could help to specifically identify and delineate
tumor lesions characterized with high LDLR expression such as gliomas and glioblastomas [37],
and high SR-BI expression such as breast [21] and prostate cancers [20]. This specific vectorization
was evidenced in LDLR-positive U-87 MG subcutaneous tumors and SR-Bl-positive Panc-1
subcutaneous tumors (Figure 2). Additionally, SWIR-WAZABY-01 was able to cross the blood-
brain barrier and accumulate in orthotopic glioblastoma tumors with a tumor/healthy brain ratio
of ~5 (Figure S4).

However, the NIR-II emitting fluorophore could also be modified for chemical ligation to a
biological ligand as a small molecule or antibody for wide use in fluorescence-guided surgery.

5. Conclusion

In conclusion, we demonstrated the preferential interaction of the NIR-II emitting SWIR-
WAZABY-01 with LDL which favors specific targeting of tumors-expressing the LDL receptor in
vivo. Such natural carriers will be of particular interest for future fluorescence-guided surgery
investigations.
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Supplementary Information
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Figure S1: SWIR-WAZABY-01 tumor-dependent accumulation and staining. (a) NIR-II fluorescence imaging of mice
bearing subcutaneous SKOV-3, OVCAR-3 tumors before and at 5, 24 and 48 h post intravenous administration of SWIR-
WAZABY-01 (200 pL at 600 uM). Tumors and livers are indicated by yellow arrows. (b) Ex-vivo tumor/muscle and
tumor/skin ratios calculated from excised organs. The results are expressed as the mean + S.D. (n=3/condition).

107



a < b
© (%)
(@)
[Conc] < & < "
UM g g Q@ Normal plasma  —@=—Dyslipemic plasma
250 £ 700
<
125 £ 600
=)
62.5 & 500
31.25 2 400
.90
15.62 g 300
c
7.81 g 200
(O]
3.91 5 100
=
1.95 =0
0 50 100 150 200 250 300
0.98 [SWIR-WAZABY-01] uM
C SWIR-WAZABY-01 fluorescence signal
(RLU/pix/ms)
[SWIR-WAZABY-01]pM' Normal plasma Dyslipemic plasma Signal enhancement
250 309.9 614.7 1.98
125 278.1 545.2 1.96
62.5 116.7 296.2 2.54
31.25 87.0 2211 2.54
d " | ||
Sos - DMSO
e ®PBSpH 7.4
z
2 06 - Plasma
g
£
204
o
£
S 02 -
c

“M —
0,0 ‘... 5 o

700 800 900 1000 1100 1200 1300 1400 1500
Wavelenght (nm)

Figure S2: (a) Serial dilution of the SWIR-WAZABY-01 in DMSO, plasma, BSA 40 g/L, and fatty acid free (FAF)-BSA 40
g/L, showing high fluorescence signals observed in the presence of DMSO and plasma (Aem = 1250 nm). (b) Graphical
representation and (c) quantification of the SWIR-WAZABY-01 fluorescence signal obtained following serial dilution
in normal and dyslipemic plasma (from Figure 3(b)). (d) Normalized photoluminescence intensity of the SWIR-
WAZABY-01 in DMSO (grey), PBS (purple) and plasma (yellow), recorded after excitation at Aex =806 nm.
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Figure S3: (a) Lipoprotein receptors (LDLR, SR-BI) expression in U-87 MG, PANC-1, CAL-33 cells, SKOV-3 and
OVCAR-3 cells assessed by western blotting of whole cell extracts. GAPDH served as a loading control. (b) Histological
sections of SKOV-3 and OVCAR-3 tumors and their immunolabelling for LDLR and SB-BL (c) Quantification of LDLR
and SR-BI expression relative to GAPDH, from (a) data.
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Materials and Methods:

6 mice were implanted with U-87 MG cells orthotopically in their brains, according to the
approved ethical guidelines and the following procedure: anesthetized mice (isoflurane/air 4%
for induction and 1.5% thereafter) were placed on a stereotaxic frame and 50 uL of bupivacaine
(5 mg/mL) were administered subcutaneously before scalp opening. The skull was revealed by
gently removing the membranes (connective tissues) located on its external side. The point of
needle injection was determined on the cranium surface (bregma 0, mediolateral 2 mm,
dorsoventral 3 mm), and a hole was drilled allowing the Hamilton syringe to be inserted (3 mm
into the striatum). U-87 MG cells suspension (1.0x10° cells in 5 uL) was slowly pumped in (5
uL/min) using the needle, after which it was slowly removed (0.5 mm/30 sec). Finally, the opening
was stoppered with Horsley wax and the skin was sutured. Following tumor growth, the mice
were intravenously injected in their tail vein with 200 uL of 600 uM SWIR-WAZABY-01 solution
diluted in PBS. In vivo, NIR-II fluorescence imaging of the head was performed before and after
SWIR-WAZABY-01 administration at 5, 24, and 48 h. Three mice were euthanized (at 24 and 48
h), and their brains were sampled for ex-vivo fluorescence imaging. Acquired images were
analyzed using Fiji software, and semi-quantitative fluorescence data were obtained by drawing
regions of interest (ROI).
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Figure S4: SWIR-WAZABY-01 accumulation in U-87 MG intracranial orthotopic tumors. (a) Example of in vivo NIR-
II fluorescence imaging of mouse head, before and at 5 and 24 h post intravenous administration of SWIR-WAZABY-
01 (200 pL at 600 ptM). The mouse brain bears an intracranial U-87 MG tumor in the right hemisphere. (b) Ex-vivo NIR-
IT fluorescence image and bright field image of the excised brain. (c) Quantification of U-87 MG tumor and brain
fluorescence signal obtained from the NIR-II fluorescence images of dissected brains, collected at 24 and 48 h. (d) U-
87 MG tumor/Brain fluorescence ratio calculated from (c) data. The results are expressed as the mean + S.D. (n=3).

110



Article 3: Bioconjugated aza-BODIPYs NIR-Il probes
for selective imaging of HER2-positive ovarian cancer

Taking advantage of SWIR-WAZABY-01 (aza-BODIPY described in both articles 1 and 2) water-
solubility, biocompatibility, and unique NIR-Il fluorescence properties, to target tumors
possessing unique receptor profiles, regardless of their lipoprotein receptors expression, we
aimed to couple SWIR-WAZABY-01 to antibodies specific to the tumor expressed receptors. As a
proof of concept, two ovarian cancer cell lines expressing (SKOV-3) or not (OVCAR-3) HER2
receptor, with limited or no lipoprotein receptors expression, were selected. Accordingly, SWIR-
WAZABY-01 was coupled to a HER2-specific antibody i.e. Trastuzumab. The resulting NIR-II
bioconjugated probe named aza-SWIR-Trastuzumab-01 was characterized and its targeting
capacity for HER2 was assessed in vitro and in vivo. In the same context, a brighter water-soluble
NIR-II fluorophore was then developed named SWIR-WAZABY-04. This latter was also
bioconjugated to Trastuzumab, resulting in aza-SWIR-Trastuzumab-02. The in vivo tumor
targeting potential of both NIR-II bioconjugated probes was compared. This study is presented in
paper 3, in preparation, entitled “Bioconjugated aza-BODIPYs NIR-II probes for selective imaging
of HER2-positive ovarian cancer”.

SWIR-WAZABY-01 was specifically conjugated to the heavy chain of Trastuzumab, with a ratio of
1.9 dye per antibody. The resulting NIR-II bioconjugated probe, aza-SWIR-Trastuzumab-01,
showed a preserved fluorescence stability in sera (for 72 h at 37 C) and a maintained affinity to
HER2, both in solution and in vitro. Additionally, aza-SWIR-Trastuzumab-01 demonstrated
selectivity to HER2 positive tumors in vivo, which was not the case for HER2 negative tumors or
mice injected with the non-bioconjugated fluorophore (SWIR-WAZABY-01). These findings
provided a proof of concept of our vectorization strategy. Aza-SWIR-Trastuzumab-02 was then
synthesized under the same conditions as aza-SWIR-Trastuzumab-01. Aza-SWIR-Trastuzumab-02
presented enhanced fluorescence signal and superior tumor/muscle ratio, signifying its
distinction over aza-SWIR-Trastuzumab-01, and opening a new perspective for its potential use
in NIR-II FGS (discussed following the paper).

To note, | was responsible for the in vitro and in vivo biological investigations applied in article 3.
The chemical synthesis, bioconjugation process, stability, and affinity tests in solution were
performed by the chemists and the biologists at ICMUB and LIIC (Laboratoire Immunologie et
Immunothérapie des Cancers), respectively. | presented this work as a poster at the “16th
European Molecular Imaging Meeting (EMIM 2021)”. In the thesis manuscript, all the preceding
data were organized in one article (article 3). However, acquiring additional data, article 3 will be
divided into two papers focused on aza-SWIR-Trastuzumab-01, and comparing both aza-SWIR-
Trastuzumab-01/02 respectively.
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Abstract

Applying fluorescence-guided surgery (FGS) to cytoreductive surgery presents a cornerstone in
achieving complete resection of microscopic ovarian tumors. The use of visible and NIR-I
fluorophores has led to beneficial results in clinical trials; however, involving NIR-II dyes seems
to outperform those benefits, due to the deeper tissue imaging and higher signal/noise ratios
attained within the NIR-II optical window. In this context, we developed NIR-II emitting probes
targeting HER?2 positive ovarian tumors, by coupling water-soluble NIR-II aza-BODIPYs dyes to
Trastuzumab antibody. Prolonged stability of the bioconjugated probes in sera, and maintained
affinity towards HER2 receptors in vitro, were demonstrated. Selective targeting of HER2 positive
tumors (SKOV-3) was also proved in vivo, with a favorable tumor/muscle ratio. In conclusion, we
demonstrated the maintained fluorescence properties and the preserved affinity of the
bioconjugated dyes to HER2 in vivo, thus their potential for NIR-II FGS.
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1. Introduction

Ovarian cancer presents the most lethal gynecologic cancer, with 75% of patients being diagnosed
at advanced or late stages, and 5-years relative survival being less than 50% [1]. The typical
standard of care consists of performing cytoreductive surgery followed by platinum-based
chemotherapy. Depending on the surgeon's visual inspection and palpation during surgery,
cytoreductive surgery allows the resection of large easily visible tumors. However, the
identification of microscopic lesions and metastatic ones remains challenging, even for skilled
surgical practitioners. Those residual tumors are considered as an important predictor of
survival, with a 5.5% increase in the median survival achieved for each 10% increase in optimal
cytoreduction [2], and with patients undergoing complete or optimal cytoreduction (resected
tumor size = 1-10 mm) showing improved overall survival as compared to patients undergoing
suboptimal cytoreduction (resected tumor size > 10 mm) [3]. Thus, to reduce mortality, the
ultimate goal is to optimize surgical debulking procedures to approach complete resection.

To this end, fluorescence-guided surgery, a safe (non-ionizing), cheap, sensitive, and real-time
intraoperative molecular imaging technique, was introduced into the clinical practice [4, 5]. This
latter is based on the use of a fluorophore, alone or coupled to a targeting moiety, that can label
cancer cells improving their visibility, thus enhancing the complete resection rate. The first-in-
human FGS clinical trial in ovarian cancer patients was performed using a visible region (400-700
nm) emitting fluorophore named fluorescein iso-thiocyanate (FITC). This latter was coupled to
folate to target folate receptor alpha (FRa) overexpressed in ovarian tumors [6]. Advancements
in the fluorescent probes field have led to the development of fluorophores emitting in the NIR-I
region (700-900 nm). Providing less photon absorption and scattering, and low tissue
autofluorescence, the NIR-I region have enhanced the light penetration depth and provided
optimal contrast as compared to the visible window [7]. Subsequently, OTL38, a molecule made
up of a NIR-I probe conjugated to folic acid, was developed and has already reached phase III
clinical trials in ovarian cancer patients [8, 9], demonstrating improved cytoreduction.

In the last couple of years, the NIR-II optical window (1000-1700 nm) has caught increasing
attention due to its further reduced tissues autofluorescence and diminished photon scattering,
resulting in even better light penetration depths, signal to noise ratios, and images of high
resolution [10]. In this context, we recently developed a NIR-II emitting fluorophore based on the
aza-BODIPY platform named SWIR-WAZABY-01. Its unique NIR-II emission properties and
water-solubility favored its use for biological applications, in particular for in vivo tumor imaging
[11]. Following intravenous administration, SWIR-WAZABY-01 was carried in the bloodstream
via lipoproteins, favoring the specific labeling of tumors overexpressing lipoprotein receptors,
LDLR and SR-BIL. The NIR-II emitting dye accumulated significantly in the tumor area in the
absence of any targeting moiety (Kalot et al. article 2). To benefit from SWIR-WAZABY-01 unique
NIR-II photophysical properties and be able to target ovarian tumors regardless of their
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lipoprotein receptors expression profiles, we thought of coupling SWIR-WAZABY-01 to
Trastuzumab, an antibody specific to HER2 (human epidermal growth factor receptor 2) receptor
overexpressed in several tumor types including ovarian tumors [12].

In this study, the synthesis of a HER2-positive ovarian cancer targeting NIR-II dye (i.e aza-SWIR-
Trastuzumab-01), based on the water-soluble aza-BODIPY dye SWIR-WAZABY-01 conjugated to
Trastuzumab antibody, was reported. A specific bioconjugation process was applied resulting in
a stable dual/bi-labeled trastuzumab antibody, with a maintained affinity to HER2, both in
solution and in vitro. In vivo, aza-SWIR-Trastuzumab-01 showed selectivity to ovarian cancer
expressing HER2 receptor which was not the case for non-targeted fluorophore SWIR-WAZABY-
01. Another bioconjugate i.e. aza-SWIR-Trastuzumab-02 based on a brighter water-soluble aza-
BODIPY dye ie. SWIR-WAZABY-04 conjugated to Trastuzumab antibody, was synthesized.
Comparing aza-SWIR-Trastuzumab-01 to aza-SWIR-Trastuzumab-02, aza-SWIR-Trastuzumab-
02 showed an impressive tumor/muscle ratio superior to those reported in the literature.
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2. Results and discussion

To couple SWIR-WAZABY-01 to Trastuzumab antibody, a specific bioconjugation process on the
Fc region/heavy chain of the antibody was applied (Scheme 1). Both, the SWIR-WAZABY-01
precursor (i.e. compound 4) and the trastuzumab antibody were modified to allow the
bioconjugation. The first set of experiments permitted the grafting of a TOTA-Boc group on aza-
SWIR-05, resulting in the formation of SWIR-WAZABY-05. An alkyne group was then introduced
resulting in the formation of aza-SWIR-08. On the other hand, an azide function was introduced
onto the oligosaccharide chain of the antibody Fc part using GlycClick® technology, resulting in
Trastuzumab-N3. Trastuzumab-N3 was then able to interact with the alkyne group of aza-SWIR-
08 through a click chemistry reaction, Huygens-like reaction, leading to the development of the
bioconjugated species (i.e. aza-SWIR-Trastuzumab-01). This bioconjugation pathway allows
obtaining a degree of labeling (DOL) close to 2, in a homogenous manner, to preserve the
antibody’s affinity towards HER-2 receptors.

The purified aza-SWIR-Trastuzumab-01 was concentrated and the Trastuzumab degree of
labeling (DOL) was determined using MALDI-TOF mass spectrometry analyses. A DOL of 1.9
probes per antibody was obtained (Figure S 1a). To assess the fluorescence stability of the
bioconjugated probe, aza-SWIR-Trastuzumab-01 was incubated in murine serum for several time
durations (0, 24, 48, and 72 h) at 37 °C, to mimic the in vivo situation (Figure 1). The incubated
mixtures were then separated on a polyacrylamide gel in native and reductive conditions (in
presence of DTT and heating at 95 °C), followed by fluorescence analysis/imaging (according to
previously reported procedure [13]). As expected, no fluorescence was detected in the non-
labeled Trastuzumab condition. Concerning aza-SWIR-Trastuzumab-01, under native conditions,
a single fluorescent band was observed at the position ~ 150 kDa, which is the size of Trastuzumab
antibody [14], in all the incubation time points. No evolution or decline in the fluorescence signal
was observed after 72 h of incubation indicating the fluorescence stability of the bioconjugated
probe under physiological conditions. Under reductive conditions, in which the disulfide bridges
connecting the heavy and light chains of the antibody are broken, the fluorescence bands were
observed at a lower position (~ 50 kDa), resembling the size of the antibody heavy chain [14],
while no fluorescence was observed at the light chain position (~ 25 kDa) [14]. These data confirm
that the probe was specifically grafted on the antibody heavy (Fc) chain. Similar data were also
obtained using human serum (Figure S 2).

To assess if the fluorophore grafting modified Trastuzumab affinity towards its target i.e. HER2
receptor, a bilayer interferometry experiment was performed [15]. This latter allowed the
determination of the association/dissociation of aza-SWIR-Trastuzumab-01 to/from HER2 protein
(Figure 2b). Accordingly, the affinity of aza-SWIR-Trastuzumab-01 for HER2 (Kb) was calculated
(Figure 2c). Using similar experimental conditions, the affinity of Trastuzumab to HER2 (Kp) was
calculated and served as a control (Figure 2a,c). The Kb of aza-SWIR-Trastuzumab-01 (Kpo= 9.5
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nM =+ 2.5 nM) was just slightly altered compared to that of native Trastuzumab (Kp=4.8 nM + 1.8
nM), indicating that the applied bioconjugation process conserved the affinity of the Trastuzumab
antibody present within aza-SWIR-Trastuzumab-01.

The targeting capacity of the aza-SWIR-Trastuzumab-01 toward the Her2 receptor was also
investigated in vitro. Two ovarian tumor cell lines were selected, a HER2-positive cell line (SKOV-
3) and a HER2-negative cell line (OVCAR-3) (Figure 2d). The cells were incubated with aza-
SWIR-Trastuzumab-01, and their fluorescence signal was assessed using flow cytometry
technique (Figure 2e,f). After incubation, 60.15% of SKOV-3 cells were fluorescent compared to
5.85% of OVCAR-3 cells, demonstrating a higher specificity of aza-SWIR-Trastuzumab-01
towards cells expressing HER2 receptor (i.e. SKOV-3 cells). Additionally, a confocal microscopy
experiment showed aza-SWIR-Trastuzumab-01 fluorescence signal within SKOV-3 cells, while
the OVACR-3 cells didn’'t accumulate the labeled antibody (Figure 2gh). This experiment
confirmed the previous results and, suggested that aza-SWIR-Trastuzumab-01 is able to
internalize into cells expressing HER2 receptors.

Following the favorable in vitro assessment, aza-SWIR-Trastuzumab-01 targeting potential was
investigated in vivo (Figure 3a). As a control, mice bearing subcutaneous SKOV-3 and OVCAR-3
were administered with the non-vectorized fluorophore SWIR-WAZABY-01. Similar to
previously reported data, no significant tumor accumulation was observed, in both SKOV-3 and
OVCAR-3 tumors, at any time point. As previously reported, SWIR-WAZABY-01 is carried in the
bloodstream via lipoproteins, allowing a massive tumor uptake through the lipoprotein
receptors, LDLR and SR-B1. Therefore, the weak tumor accumulation in SKOV-3 and OVCAR-3
models could be explained by the low or absent lipoproteins receptors expression in those tumors
(Figure 2d), which prevent the accumulation of SWIR-WAZABY-01 fluorophore carried by
lipoproteins. On the contrary, administering aza-SWIR-Trastuzumab-01 to mice bearing HER2
positive SKOV-3 tumors lead to a clear identification of the tumors and a high tumor/skin ratio
that was enhanced with time reaching 5.5, 72 h after administration (Figure 3b). As expected,
OVCAR-3 HER2 negative tumors did not accumulate the aza-SWIR-Trastuzumab-01 and the
tumor/skin ratio was close to 1.5 (Figure 3b). These findings demonstrate that the trastuzumab
antibody within aza-SWIR-Trastuzumab-01 maintained its high affinity towards HER2 positive
tumors in vivo, and possessed the ability to vectorize the SWIR-WAZABY-01 fluorophore into
tumors having a low expression of lipoprotein receptors. It is worth noting that the injected dose
of SWIR-WAZABY-01 fluorophore was 10 times higher compared to the amount of fluorophore
grafted onto the antibodies (20 nmol versus 2.5 nmol, respectively). Therefore, a superior
visualization of HER2 expressing tumors could be attained using aza-SWIR-Trastuzumab-01,
using a low dose of the injected fluorophore.

Another NIR-II emitting aza-BODIPY fluorophore was also synthesized, named SWIR-
WAZABY-04 (Scheme S 1). It is structurally similar to SWIR-WAZABY-01 except that it contains
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4 ammonium groups. SWIR-WAZABY-04 possessed a higher quantum yield compared to SWIR-
WAZABY-01, both in DMSO and blood plasma (Table 1). Even though its fluorescence emission
peak, in plasma, is narrower and more blue-shifted compared to SWIR-WAZABY-01 (Figure
4a,b), SWIR-WAZABY-04 owned a unique emission peak at 1200 nm that we suggested being
responsible for a brighter emission in the NIR-II window, as demonstrated in Figure 4c.

Similar to SWIR-WAZABY-01, SWIR-WAZABY-04 was investigated in vivo. In vitro assessment
was not possible due to its specific excitation wavelength (> 800 nm). SWIR-WAZABY-04 was
injected into mice bearing SKOV-3 and OVCAR-3 tumors either alone without targeting moiety,
or as a trastuzumab bioconjugate, i.e. aza-SWIR-Trastuzumab-02 (Scheme 1). Aza-SWIR-
Trastuzumab-02 was synthesized using the same experimental conditions as Aza-SWIR-
Trastuzumab-01 and a DOL of 1.4 was obtained (Figure S 1b). In vivo, SWIR-WAZABY-04 wasn’t
able to identify both SKOV-3 and OVCAR-3 tumors similar to SWIR-WAZABY-01 (Figure S 3).
Whereas aza-SWIR-Trastuzumab-02 labeled pretty well HER2 positive SKOV-3 tumors and not
HER2 negative OVCAR-3 tumors, in a similar manner to aza-SWIR-Trastuzumab-01 (Figure S 3).

Comparing aza-SWIR-Trastuzumab-01 to aza-SWIR-Trastuzumab-02, similar tumor
accumulation kinetic was observed (Figure 5a), however, aza-SWIR-Trastuzumab-02 showed a
brighter signal for similar exposure time and reduced injection dose of fluorophore (1 nmol versus
2.5 nmol, respectively). Similar biodistribution profiles were also observed, with aza-SWIR-
Trastuzumab-02 possessing higher accumulation in the tumor and liver, and less accumulation
in the other organs (Figure 5b). Accordingly, higher tumor/muscle (23.3 vs. 6.9, respectively) and
tumor/skin (7.6 vs 3, respectively) ratios were obtained using aza-SWIR-Trastuzumab-02 (Figure
5c¢), presenting its superior potential over aza-SWIR-Trastuzumab-01.

3. Conclusion

To conclude, we reported and demonstrated a specific bioconjugation technique to couple water-
soluble NIR-II emitting aza-BODIPYs dyes to Trastuzumab antibody. We showed that the
bioconjugated dyes maintained prolonged fluorescence stability and affinity towards HER2
receptors both in solution and in wvitro. In vivo, the bioconjugated probes sustained their
fluorescence properties and allowed specific labeling of HER2 positive ovarian tumors that
wasn’t possible using the fluorophore itself, even with 10- and 20-times higher doses. The
superior tumor/muscle ratios demonstrated the potential of the NIR-II bioconjugated probes for
NIR-II fluorescence-guided surgery. This bioconjugation process could be valid for other aza-
BODIPYs and antibodies allowing the targeting of an unlimited range of tumors with unique
fluorescence properties.
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4. Materials and Methods
The chemical synthesis will be described in the supplementary information.

Reagents and chemicals for synthesis

Reactions were carried out in analytical reagent grade solvents from Carlo Erba under normal
atmosphere. Non-stabilized dry solvents were purchased from Carlo Erba and dried using a MB-
SPS-800 (MBraun) or PureSolv-MD-5 (Inert®). All reagents purchased from SigmaAldrich™,
Thermo Fisher Scientific™, or ACROS Organics™ were used as received without further
purification. Reactions were monitored by thin-phase chromatography and RP-HPLC-MS.
Analytical thin-phase chromatography was performed using Merck 60 F254 silica gel (pre-coated
sheets, 0.2 mm thick). Column chromatography was carried out using silica gel (SigmaAldrich;
40-63 um 230-400 mesh 60A).

Photophysical studies

Absorbance measurements were recorded on a UV-Vis-NIR spectrophotometer Cary5000
between 300 and 1200 nm. Steady-state photoluminescence spectra were measured from 700 to
1500 nm with a calibrated FSP 920 (Edinburgh Instruments, Edinburgh, United Kingdom)
spectrofluorometer equipped with a nitrogen-cooled PMT R5509P. Relative measurements of
photoluminescence QYs (®f,x) were performed using the dye IR125 dissolved in
dimethylsulfoxide (DMSO) as reference. The QY of this dye was previously determined
absolutely to ®f, st =0.23. The relative QY was calculated according to the formula of Demas and
Crosby, see equation below.

Fefstexst) M (Aex)

Fstfx(/lex,x) Tl;t (Aex,st)

(pf,x = Prst

The subscripts X, st, and ex denote sample, standard, and excitation respectively. f(A_ex ) is the
absorption factor, F the integrated spectral fluorescence photon flux, and n the refractive index of
the solvents used. All spectroscopic measurements were done in 1 cm quartz cuvettes from
Hellma GmbH at room temperature using air-saturated solutions.

Photophysical analyses for these compounds were performed at the Federal Institute for
Materials Research and Testing (BAM) Division Biophotonics in Berlin (Germany).

Trastuzumab modification

Trastuzumab modification was carried out using the GlycClick® technology marketed by
Génovis®. It consists of two steps. Step one involves the hydrolysis of the bonds between the two
N-acetylglucosamines using EndoS, an enzyme belonging to the endoglycosidase family. This
reaction was carried out for one hour, at room temperature, in TBS, and at pH = 7.5, resulting in
a deglycosylated antibody. The second step involves a second enzyme, GalT, which belongs to
the nucleotidyltransferase (galactosyltransferase) family. GalT allows the transfer of an azide-

118



bound galactose from UDP-GalNaz onto the deglycosylated antibody. This reaction was carried
out overnight, at 25 °C., in THB and at pH =7.5. The modified antibody can now be engaged in a
Huygens-like reaction to the aza-SWIR-08/ aza-SWIR-09 probe.

Bioconjugation

14 aza-SWIR-08 probe equivalents were incubated with 1 mg of Trastuzumab-N3 in PBS, at pH =
7.4, at 25 °C, for 16 h. The reaction is then purified by FPLC and the solution was concentrated to
determine the DOL by MALDI-TOF. 20 aza-SWIR-09 probe equivalents were incubated per
Trastuzumab-N3 antibody. The reaction was performed in PBS overnight, at pH="7.4 and 25 ° C.
A PD-10 column size exclusion column was used to purify the bioconjugate. PD-10 allows the
separation of high molecular weight compounds, the bioconjugated antibody, from low
molecular weight compounds, the free probe. Two columns were used to ensure that all the free
probes had been removed. The recovered sample was then concentrated on Amicon® and was
analyzed using MALDI-TOF to determine the DOL.

Antibody Stability

The stability of Aza-SWIR-Trastuzumab-01 was determined using the following procedure. Aza-
SWIR-Trastuzumab-02 was diluted in PBS at 1 mg/mL, then it was incubated in murine or human
sera for 24 h, 48 h, or 72 h, at 0.5 mg/mL. Incubations were carried out at 37°C, in the dark and
under gentle agitation. Trastuzumab incubated in sera for 72 h served as a control. Each antibody
sample was then diluted to 0.125 mg/mL in Laemmli buffer under either reducing (in the presence
of dithiotreitol (DTT) and heating at 95°C for 5 minutes) or non-reducing (without DTT)
conditions, after which they were separated on a sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). For each experimental condition, the equivalent of 1.5 ug of
antibody was deposited on a 10% acrylamide gel, and migration for 1 hour and a half at 100 V
was performed. Following the migration, the fluorescence of the gel was monitored using a
ChemiDoc © MP imaging device (BioRad®) with an IRdye800CW filter. Finally, the gels were
stained with Coomassie blue for 1 h, and visualized on a Chemidoc XRS + analyzer (Bio-Rad), to
detect the proteins.

Biolayer Interferometry

The affinity of Aza-SWIR-Trastuzumab-01 or native trastuzumab antibodies to HER-2 was
determined using biolayer interferometry (BLI), on an OctetRed96e instrument (FortéBio). HER-
2 was first biotinylated with 5 equiv of biotin (biotin-PEG4-NHS EZKkit, Pierce) according to the
manufacturer’s instructions. The streptavidin-coated biosensor was then dipped into the wells
containing biotinylated HER-2 resulting in a functionalized biosensor. To study the
trastuzumab-HER-2 interaction, association and dissociation phases were determined by
dipping the functionalized biosensor (Accrobiosystem) into wells containing different
concentrations of trastuzumab or Aza-SWIR-Trastuzumab-01 (1.6 to 100 nM), followed by wells
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containing PBS. Finally, KD was determined using the Octet software (version 3.1, FortéBio,
Menlo Park, CA, USA) with a 1:1 stoichiometry model.

Cell Lines and Culture

Human ovarian adenocarcinoma cell lines, SKOV-3 and OVCAR-3, were obtained from the
European Collection of Authenticated Cell Cultures (ECACC, French authorization CODECOH
DC-2020-4226). The cell lines were cultured in a 37 °C humidified environment containing 5%
COz, and in DMEM media supplemented with 10% heat-inactivated fetal bovine serum.

Flow Cytometry

SKOV-3 and OVCAR-3 cells were harvested, washed, and incubated with aza-SWIR-
Trastuzumab-01 for 2 h at 37°C. The cells were then rinsed, fixed with PFA 4%, and analyzed
using LSRII (BD-Biosciences). At least, 10000 events were recorded and APC-Cy7 excitation
settings were used, without a passband filter for optimal collection (LP 755 nm). Data analysis
was performed using FCS Express Flow (V7- Pro RUO) software.

Confocal Microscopy

SKOV-3/OVCAR-3 cells (n = 50 000) were plated on LabTek chamber I and kept at 37 °C in 5%
COz. After 24 h of adhesion, the cells were washed and incubated with 36 mg/L of Aza-SWIR-
Trastuzumab-01 compound solution (i.e. 0.5 uM of fluorophore) diluted in cell culture medium,
for 2 h. The cells were then washed and counterstained with Hoechst 33342 (1 uM). Fluorescence
microscopy images were acquired using a confocal laser-scanning microscope (LSM 710 Carl
Zeiss, Jena, Germany) in live mode. Plan x63 objective was used. Fluorescent signal of Aza-SWIR-
Trastuzumab-01 was obtained with a 25% 633 nm excitation laser, and a collection wavelength >
650 nm (confocal section 1.5 pum). Images were processed using Fiji software. The experiments
were performed at the MicroCell (Optical Microscopy-Cell Imaging) platform, IAB Grenoble.

Western blot

SKOV-3 and OVCAR-3 tumor cells cultured in 2D were harvested, washed with PBS, lysed and
their protein content was quantified using Micro BCA™ Protein Assay Kit (Thermo Fisher
Scientific). 40 ug of protein/cell line was loaded into a 12% polyacrylamide gel. Following
migration/electrophoresis, the proteins were transferred into an activated PVDF (polyvinylidene
difluoride) membrane (#10600023, Amersham). The membrane was then blocked in 5% milk for
1 h at RT, and incubated with primary antibodies overnight at 4°C: anti-LDL receptor antibody
(1/1000, Abcam [EP1553Y] (ab52818)), anti-scavenging receptor SR-BI antibody (1/2000, Abcam
[EPR20190] (ab217318)), anti-HER2 antibody (1/1000, cell signaling #4290) and anti-GAPDH
antibody (1/1000, SC-365062, Santa Cruz Biotechnology) serving as loading and transfer control.
The membrane was then incubated with the secondary antibodies, anti-mouse/rabbit-horseradish
peroxidase HRP (1/2000, #7076S, Cell Signaling Technology) for 1 h at RT. The proteins
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(LDLR/SR-B1/HER2/GAPDH) were finally revealed using Clarity Western ECL Substrate (Bio-
Rad), and western blot imaging was performed using Fusion FX (Vilber).

In vivo NIR-II imaging

All animal experiments were performed in accordance with national legislation, and with the
approval of the institutional and national (Ministere de I’Enseignement Supérieure et de la
Recherche) animal ethics committees (APAFIS#8782-2017032813328550), and were performed
according to the Institutional Animal Care and Use Committee of Grenoble Alpes University and
the Federation of European Animal Science Associations. These experiments were carried out
within the small animal imaging platform Optimal (V. Josserand), IAB Grenoble. Female NMRI
nude mice (6-week-old) (Janvier Labs, Le Genest-Saint Isle, France) were subcutaneously injected
on their right flank with either 10 million human ovarian adenocarcinoma SKOV-3 cancer cells
or 8 million human ovarian adenocarcinoma OVCAR-3 cancer cells. Following tumor growth,
SKOV-3 and OVCAR-3 bearing mice were intravenously injected in their tail vein with either 100
uL of 200 uM SWIR-WAZABY-01 or SWIR-WAZABY-04 solution diluted in PBS, or with 100 uL
of 200 pg aza-SWIR-Trastuzumab-01 or 100 ug of aza-SWIR-Trastuzumab-02 (n=3/condition).
Whole-body NIR-II fluorescence imaging was performed before and after administration at 5, 24,
48, and 72 h. At 72 h, the mice were euthanized and their organs were sampled for ex-vivo
fluorescence imaging. Acquired images were analyzed using Fiji software, and semi-quantitative
fluorescence data were obtained by drawing regions of interest (ROI) around the organs. NIR-II
fluorescence imaging was performed using a Princeton camera 640ST (900-1700 nm) coupled to
a laser excitation source of A = 830 nm (50 mW/cm?). A short-pass excitation filter at 1000 nm
(Thorlabs), and a long-pass filter LP1064 nm (Semrock) were added to the NIR-II camera. A 25
mm lens with a 1.4 aperture (Navitar) was used to focus on the mice.

NIR-II imaging of drops

60 uM of SWIR-WAZABY-01 and SWIR-WAZABY-04 solutions were serially diluted in blood
plasma. 10 uL of the diluted samples were dropped on a paraffin paper and imaged by the NIR-
IT imaging system (setup described above).
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Native conditions Reductive conditions

aza-SWIR-Trastuzumab-01 aza-SWIR-Trastuzumab-01

Trastu Trastu

M.W72h Oh 24h 48h 72h 72h Oh 24h 48h 72hM.W

Full length —>
antibody

Heavy chain —»

Light chain —>

Figure 1: Assessment of aza-SWIR-Trastuzumab-01 stability in plasma solution. Superimposed fluorescence image
(in green) and bright field image of aza-SWIR-Trastuzumab-01 + plasma mixture migration on SDS-PAGE gel, under
native and reducing conditions (DTT + heating), acquired using ChemiDoc © MP imaging device (BioRad®) with an
IRdye800CW filter. Aza-SWIR-Trastuzumab-01 was incubated in murine sera for 0, 24, 48 and 72 h. Free Trastuzumab
(non-fluorescent) incubated with serum for 72 h, served as a control.
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Figure 2: Assessment of aza-SWIR-Trastuzumab-01 affinity to HER2 in solution (a-c) and in vitro (e-h). (a)
Association/dissociation curves representing the interaction between trastuzumab (different concentrations: 1.6 to 100
nM in wells) and HER2 proteins (coated on the biosensor), obtained using biolayer interferometry on an Octet Red96
system. (b) Association/dissociation curves representing the interaction between aza-SWIR-Trastuzumab-01 (different
concentrations: 1.6 to 100 nM in wells) and HER2 proteins (coated on the biosensor), obtained using biolayer
interferometry on an Octet Red96 system. (c) Ko determination from standard curve of free trastuzumab (Kpo= 4.8 nM
+ 1.8 nM) and aza-SWIR-Trastuzumab-01 (Ko= 9.5 nM + 2.5 nM). (d) HER2 and lipoprotein receptors (LDLR, SR-BI)
expression in SKOV-3 and OVCAR-3 cells, assessed by western blotting of whole cell extracts. GAPDH served as a
loading and transfer control. Flow cytometry histograms of SKOV-3 (e) and OVCAR-3 cells (f) incubated (red lines) or
not (black lines) with aza-SWIR-Trastuzumab-01, with the percentage of fluorescently labeled cells indicated. Aza-
SWIR-Trastuzumab-01 fluorescence is recorded using the APC-Cy7 channel. Confocal images of SKOV-3 (g) and
OVCAR-3 (h) cells incubated with aza-SWIR-Trastuzumab-01 for 2h. Aza-SWIR-Trastuzumab-01 fluorescence signal is
indicated in red and the nucleus is counterstained in blue. Scale bars represent 20 um.
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Figure 3: Assessment of aza-SWIR-Trastuzumab-01 affinity to HER2 in vivo. (a) NIR-II fluorescence images of mice
bearing subcutaneous SKOV-3 or OVCAR-3 tumors, before and at 5, 24, 48 and 72 h post intravenous administration of
SWIR-WAZABY-01 or aza-SWIR-Trastuzumab-01. Tumors are indicated by dashed circles. Images were acquired using
100 ms of laser exposure. (b) Tumor/Skin ratios calculated from the in vivo NIR-II fluorescence images of the mice in (a).
The results are represented as the mean + standard deviation (S.D.) (n=3/condition).
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Figure 4: Emission spectra of SWIR-WAZABY-01 (a) and SWIR-WAZABY-04 (b), in DMSO (black line) and 10% plasma
(red line), obtained using a UV-Vis-NIR spectrophotometer. Aexcitation = 638 nm for SWIR-WAZABY-01 and 808 nm
for SWIR-WAZABY-04. (c) Quantification of SWIR-WAZABY-01 and SWIR-WAZABY-04 NIR-II fluorescence signal
following serial dilution in blood plasma and imaging using the NIR-II imaging system (Aexcitation = 830 nm).

In DMSO In 10% Plasma
€ Stockes }\max:abs }‘max,em o }\max,abs )\max,em o,
Compound (Miem?)  shift(emd  (m)  (om) % emy my %
SWIR-WAZABY-01 37948 2739 780 992 0.3 746 867 2.5
SWIR-WAZABY-04 72886 831 820 880 1.1 802 846 2.5

Table 1: Photophysical properties of the non-conjugated SWIR-WAZABY-01 and SWIR-WAZABY-04
probes/fluorophores.
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Figure 5: Comparison between aza-SWIR-Trastuzumab-01 and aza-SWIR-Trastuzumab-02. (a) NIR-II fluorescence
images of mice bearing subcutaneous SKOV-3 before and at 5, 24, 48 and 72 h post intravenous administration of aza-
SWIR-Trastuzumab-01 or aza-SWIR-Trastuzumab-02. Images were acquired at 100 ms of laser exposure. (b) Ex-vivo
biodistribution of aza-SWIR-Trastuzumab-01 and aza-SWIR-Trastuzumab-02 in mice bearing subcutaneous SKOV-3
tumors. (c) Tumor/Muscle, Tumor/Skin and Tumor/Liver ratios calculated from the organs fluorescence in (b). The
results are represented as the mean + S.D. (n=3/condition).
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Figure S 1: Determining Trastuzumab degree of labeling (DOL) in aza-SWIR-Trastuzumab-01 (a) and aza-SWIR-
Trastuzumab-02 (b), using MALDI-TOF spectrum (mass differences). The DOL are 1.9 and 1.4 respectively.
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Native conditions Reductive conditions

aza-SWIR-Trastuzumab-01  aza-SWIR-Trastuzumab-01

Trastu Trastu

M.W72h Oh 24h 48h 72h 72h Oh 24h 48h 72hM.W

Full length —>
antibody

Heavy chain —»

Light chain —>

Figure S 2: Assessment of aza-SWIR-Trastuzumab-01 stability in plasma solution. Superimposed fluorescence image
(in green) and bright field image of aza-SWIR-Trastuzumab-01 + plasma mixture migration on SDS-PAGE gel, under
native and reducing conditions (DTT + heating). Aza-SWIR-Trastuzumab-01 was incubated in human sera for 0, 24, 48
and 72 h. Free Trastuzumab (non-fluorescent) incubated with serum for 72 h, served as a control.
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Scheme S 1: Synthetic pathway of the NIR-II emitting aza-BODIPYs: SWIR-WAZABY-04.
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Figure S 3: Assessment of aza-SWIR-Trastuzumab-02 affinity to HER2 in vivo. (a) NIR-II fluorescence images of mice
bearing subcutaneous SKOV-3 or OVCAR-3 tumors, before and at 5, 24, 48 and 72 h post intravenous administration of
SWIR-WAZABY-04 or aza-SWIR-Trastuzumab-02. Tumors are indicated by dashed circles. Images of mice injected with
SWIR-WAZABY-04 and aza-SWIR-Trastuzumab-02 were acquired using 10 ms and 100 ms of laser exposure
respectively. (b) Tumor/Skin ratios calculated from the in vivo NIR-II fluorescence images of the mice in (a) . The results
are represented as the mean + S.D. (n=3/condition).
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Supplementary information

NMR Spectroscopy:

('H, 3C, 1B, ¥F) were recorded at 298 K or 343K on Bruker spectrometers Avance Neo 500 MHz equipped
with a 5 mm BBOF iProbe and Avance III HD 600 MHz equipped with a 5 mm BBOF N2 cryoprobe. NMR
spectroscopy chemical shifts are quoted in parts per million (d) relative to TMS (for 'H, *C), BFs*Et20 (for
11B), CECIs (*F), calibration was made by using residual signals of the partially deuterated solvent. For all
other nuclei, SR value obtained after zero-calibration of the corresponding reference was applied.

Mass Spectrometry:

High-resolution mass spectrometry analyses were recorded on a LTQ Orbitrap XL mass spectrometer
(Thermo Scientific) equipped with an electrospray ionization source (HESI 2) . The following source
parameters were used if no further specification is mentioned:

Heater Temperature: 50°C

Gas Flow: Sheath 15/ Aux 10 / Sweep 0

Spray Voltage: 4 kV

Capillary Temperature: 275°C

Capillary Voltage: 22 V

Resolution (m/z = 400): 60 000

Typical conditioning: A stock solution of the analyte was prepared by dissolving 1 mg of the analyte in 1
mL of a HPLC-grade solvent chosen from the following list: CH2Cl2, MeOH, CHsCN, H:0, or in RPE-grade
DMSO. For small molecules (MW < 1000 Da) a 1/100 dilution was performed using 10.0 uL of the stock
solution completed to 1.0 mL by a HPLC-grade solvent of the following list sorted by order of preference:
MeOH, H20, CHsCN, CH2Cl.. For high-weight molecules (MW> 1000 Da) a 1/10 dilution was performed
using 100.0 uL of the stock solution completed to 1.0 mL by a HPLC-grade solvent of the following list
sorted by order of preference: MeOH, H20O, CHsCN, CH2Cl>.

The 10° M resulting solution of the analyte was then directly infused into the spectrometer using a 500 pL
syringe. The system was rinsed three times between two consecutive analyses with 500 uL of HPLC grade
water and/or MeOH. Mass calibration in the 100-2000 Da mass range was operated using the commercially
available Pierce LTQ ESI Positive/Negative ion Calibration solutions (Thermofisher Scientific ref
88322/88324).

NMR, mass-analyses and elemental analysis were performed at the “Plateforme d’ Analyse Chimique et de
Synthese Moléculaire de I'Université de Bourgogne” (PACSMUB).

Analytical HPLC:

HPLC-MS analyses were obtained on a Thermo-Dionex Ultimate 3000 instrument (pump + autosampler at
20 °C + column oven at 25 °C) equipped with a diode array detector (Thermo-Dionex DAD 3000-RS) and a
Thermo Scientific MSQ Plus single quadrupole mass spectrometer equipped with Phenomenex Kinetex®
column (2.6 um C18 100 A, LC Column 50 x 2.1 mm). The corresponding low-resolution mass spectra
(LRMS) were recorded with this latter mass spectrometer, with an electrospray (ESI) source (HPLC-MS
coupling mode).

The employed gradient for analyses is the following;:
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Time [min] % H20 + 0.1% formic acid % ACN + 0.1% formic acid Flow [mL/min]

0 95 5 0.5
5 0 100 0.5
6.5 0 100 0.5
6.6 95 5 0.5
8.5 95 5 0.5
8.51 95 5 0.05

Semi-preparative HPLC:

Semi-preparative separations were executed on a HPLC-system from Shimadzu that is equipped with 2
LC-20AT pumps, a SPD-20A UV/Vis detector, a FRC-10A fraction collector, a SIL-10AP sampler, and a
CBM-20A control unit. The column was a Shim-Pack GIST 5 um C18 10x250 mm column obtained from
Shimadzu. The gradient using a mixture of ACN and water with 0.1% TFA with a flow rate of 5 mL/min is
the following:

Gradient A Gradient B

Time % H20 + % ACN + Flow Time % H20 + % ACN + Flow
[min] 0,1 %TFA 0,1 %TFA [mL/min] [min] 0,1 %TFA 0,1 %TFA [mL/min]
0 75 25 5 0 70 30 5

5 75 25 5 5 70 30 5

25 0 100 5 27 0 100 5

28 0 100 5 30 0 100 5

30 75 25 5 31 70 30 5

MALDI-TOF:

Mass spectra were recorded with a Bruker Daltonics Microflex LRF spectrometer equipped with a N2 beam
(337 nm) used in the MALDI-TOF reflectron mode (50-3500 Da mass range) for small molecules. Samples
were prepared by using sinapic acid ([530-59-6], purchased from Sigma-Aldrich) as the matrix and spotted
on a MSP 96 MALDI plate.

MALDI samples conditioning: A saturated solution of the matrix was prepared daily in a mixture of
ACN/water (3/2). A 1:1 ratio of analyte/matrix was then spotted on the plate by using 2.5 pL of the matrix
solution mixed with 2.5 oL of the analyte solution. The MALDI plate was then transferred to the MALDI
chamber after complete drying of the plate. Accurate calibration was achieved by using an appropriate
Trastuzumab or Trastuzumab-Ns as reference (same mass range as the analyte).

Ion Chromatography:

Chromatographic analysis was performed using an ion chromatograph Thermo Scientific Dionex ICS 5000
with a conductivity detector CD (Thermo Scientific Dionex) and a conductivity suppressor ASRS-ultra II
4 mm (Thermo Scientific Dionex). TFA was separated using an Ion Pac AS11-HC analytical column (4 um,
4x250 mm, Thermo Scientific Dionex) and an Ion Pac AS11-HC guard column (4 pm, 4x250 mm, Thermo
Scientific Dionex). Chromatographic analysis was recorded with Chromeleon software, 7.2 version. The
elution of TFA and Cl- was conducted in the following conditions: flow rate: 1.5 mL/min; column
temperature: 30 °C; injection volume: 10 pL. Elution: isocratic during 15 min, 90 % eluent A (NaOH 30 mM)
/10 % eluent B (H20, ultra-pure 18.2 MQ.cm).
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All solutions were prepared in 18.2 mQ.cm water. Sodium hydroxide (50 %, w/w, certified grade) and
TFA (=299.5 %, optima® LC/MS grade) were obtained from Fisher Scientific. A 1000 mg/L TFA standard
solution was prepared by weighing. Commercial standard solutions at 1000 mg/L were used for chlorine
ions. The mother liquor was diluted to the standard solutions of 1, 2.5, 5, and 10 mg/L before injection. A
precisely weighed amount of each compound was diluted in ultra-pure water so that the concentration of
TFA fits with the calibration curve. Two different dilutions were performed for each sample. The resulting
concentrations of TFA allowed calculating the mass percentage of TFA contained in each sample.
Measurements were performed at the “Plateforme d’Analyse Chimique et de Synthese Moléculaire de
I"Université de Bourgogne” (PACSMUB).

Synthesis of SWIR-WAZABY-04:

0
/‘)‘\/\‘\ C4gH19N2O
O O 294.398 g.mol™"

Compound 1:

Yellow powder
97% Yield

KOH (2.75 g, 56.1 mmol, 4.6 eq) was dissolved in 30 mL of MeOH in a 100 mL round bottom flask. 4-
dimethylaminoacetophenone (2.00 g, 12.3 mmol, 1 eq) and 4-dimethylaminobenzaldehyde (2.11 g, 14.1
mmol, 1.1 eq) were added successively and the resulting solution was stirred at room temperature. After
24 h, the reaction was stopped and the solvent was evaporated to dryness. The crude was solubilized in 80
mL of DCM and 80 mL of water was added. The two phases were separated and the aqueous phase was
extracted with DCM (3 x 60 mL). The organic phases were combined, washed with brine (1 x 60 mL) and
dried over sodium sulfate, and evaporated to dryness. The crude obtained was then purified by column
chromatography on silica gel eluted with pentane/AcOEt (9:1 to 1:1) to isolate pure 1 as a yellow solid (3.51
g, 97 % yield).

TH NMR (500 MHz, 298 K, CDCls) d (ppm) = 3.03 (s, 6H), 3.07 (s, 3H), 6.69 (m, 4H), 7.41 (d, ] = 15.4 Hz, 1H),
7.55(d, [=8.8 Hz, 2H), 7.77 (d, ] = 15.4 Hz, 1H), 8.01 (m, 2H) ¥C NMR (150 MHz, 298 K, CDCls) d (ppm) =
40.2, 40.3, 110.9, 112.0, 117.3, 123.5, 126.9, 130.1, 130.7, 143.6, 151.8, 153.2, 188.2 HR-MS (ESI) (Da): m/z
calculated for CioH24N3O2+ [M+H]* 482.18630 Da, found 482.18711 Da

Compound 2:

NO
o 2
C2oH25N303
355.438 g.mol"
~N ~ .
N N Brown solid
| | 93% Yield

The chalcone 1 (3 g, 10.2 mmol, 1 eq) was suspended in 150 mL of absolute EtOH in a 500 mL round bottom
flask, and nitromethane (7.48 mL, 122.2 mmol, 12 eq) was added. Sodium methanolate (1.10 g, 20.6 mmol;
2 eq) was dissolved in 50 mL of absolute EtOH before being added to the reaction and the mixture was
refluxed overnight. Upon completion, the reaction mixture was evaporated to dryness. The product was
solubilized with 100 mL of DCM and 100 mL of water was added. The two phases were separated and the
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aqueous phase was extracted with DCM (3 x 100 mL). The organic phases were combined, washed with
brine (1 x 100 mL), and dried over sodium sulfate. The solvent was removed and the crude product purified
by column chromatography on silica gel eluted with pentane/AcOEt (8/2) to obtain the corresponding pure
product 2 as a brown solid (3.36 g, 93 % yield)

1H NMR (500 MHz, 298 K, CDCls) 6 (ppm) =2.91 (s, 6H), 3.04 (s, 3H), 3.28 (qd, ] =16.9, 7.0 Hz, 2H), 4.10 (p,
J=7.0Hz, 1H), 4.61 (dd, ] =12.2, 8.5 Hz, 1H), 4.81 (dd, ] =12.2, 6.2 Hz, 1H), 6.63 (d, | = 8.6 Hz, 2H), 6.67 (d,
J=8.6 Hz, 2H), 7.14 (d, ] = 8.6 Hz, 2H), 7.84 (d, ] = 8.6 Hz, 2H) C NMR (150 MHz, 298 K, CDCls) 6 (ppm) =
39.1, 40.1, 40.6, 41.2, 80.3, 110.8, 112.9, 124.6, 127.2, 128.2, 130.4, 150.1, 153.7, 195.3 HR-MS (ESI) (Da): m/z
calculated for C20H26N30s3* [M+H]* 356.19687 Da, found 356.19707 Da.

Compound 3:
- AN
N N~
N CaoHasN7
\\ TN 621.833 g.mol™”
NH Nx< dark powder
O Q 1% yieId
—N N—
\ /

Compound 2 (0.98 g; 2.8 mmol; 1 eq) was dissolved in 30 mL of BuOH in a 100 mL round bottom flask.
NH4OAc (3.83 g, 49.6 mmol, 17.7 eq) was added and the suspension was refluxed overnight. Upon
completion, the solvents were evaporated to 1/4t of the initial volume and transferred into Falcon
centrifugation tubes. The mixture was centrifuged, the supernatant was discarded and the base was
resuspended in EtOH. The process was repeated until the discarded supernatant came blue and the solid
residue exhibits a clean, glossy surface. The solid was transferred into a round bottom flask and dried under
vacuum to isolate the corresponding aza-dipyrromethene 3 (191.5 mg, 11% yield).

TH NMR (500 MHz, 298 K, CDCls) & (ppm) = 3.03 (s, 12H), 3.09 (s, 12H), 6.79 (d, ] = 8.6 Hz, 4H), 6.82 (d, ] =
8.8 Hz, 4H), 6.99 (s, 2H), 7.85 (d, ] = 8.6 Hz, 4H), 8.07 (d, ] = 8.6 Hz, 4H)

Compound Aza-SWIR-04:

CaoH42BF N7
669.632 g.mol"!
cristaline purple/dark powder
26% yield

Azadipyrromethene 3 (80 mg, 0.13 mmol, 1 eq) were dissolved in 10 mL of dry THF in a 50 mL round
bottom flask under argon. DIPEA (0.3 mL, 1.76 mmol, 13.5 eq) was added and the reaction was stirred for
15 min at room temperature. BFs*Et20 (0.32 mL, 2.59 mmol, 19.9 eq) were added and the mixture was heated
to reflux for 24 h. Upon completion, the reaction mixture was evaporated to dryness. The product was
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solubilized with 50 mL of DCM, 50 mL of water was added and the mixture was transferred into a
separating funnel. The two phases were separated and the aqueous phase was extracted with DCM (3 x
100 mL). The organic phases were combined, washed with brine (1 x 100 mL), and dried over sodium
sulfate. The product was evaporated to dryness and solubilized with 50 mL of DCM and 20 mL of MeOH.
DCM was gradually evaporated to replace by full MeOH. The solid was then decanted and the supernatant
was removed. The obtained precipitate was resuspended in MeOH and the operation was repeated until
the initially green supernatant took a blue color. The crude product was washed with Et2O (2 x 20 mL) and
pentane (2 x 20 mL) and dried to obtain the corresponding aza-SWIR-04 as a dark/purple powder (21.7 mg;
26% yield).

TH NMR (600 MHz, 298 K, CDCls) & (ppm) = 3.06 (s, 12H), 3.06 (s, 12H), 6.76 (d, ] = 9.0 Hz, 4H), 6.78 (d, ] =
9.0 Hz, 4H), 6.90 (s, 2H), 8.07 (d, J=9.0 Hz, 4H), 8.09 (d, J=9.0 Hz, 4H) ¥*C NMR (150 MHz, 298 K, CDCls) 6
(ppm) =40.3, 40.5, 111.8, 112.1, 114.9, 120.1, 122.0, 130.6, 131.3, 141.4, 145.1, 150.7, 151.5, 156.1 1B NMR (160
MHz, 298 K, CDCls) o (ppm) = 1.37 (t, ] = 33.1 Hz) “F NMR (470 MHz, 298 K, CDCls) 6 (ppm) =-131.19 (q,
J=32.9 Hz) HR-MS (ESI) (Da): m/z calculated for CsHsBF2N7* [M+H]* 670.36356 Da, found 670.36080 Da

Compound aza-SWIR-05:

—N N—
N CsoHs8BNg
74 - 795.887 g.mol™!
—~N.©O N_/ . .
B~ cristalline purple powder
SYANS
—N - N—
\ /N N\ Y,

N,N-dimethylpropargylamine (17.2 uL, 0.15 mmol, 2 eq) was dissolved in dry THF (2 mL) in a schlenk flask
under argon. Ethylmagnesium bromide (0.17 mL, 0.17 mmol, 2.3 eq) was added and the mixture was heated
to reflux for 45 min. In parallel, compound aza-SWIR-04 (50 mg, 0.075 mmol, 1 eq) was dissolved in dry
THEF (2 mL) in a second schlenk flask under argon. The first schlenk was then cannulated in the second one
and the resulting mixture was heated to reflux for 45 min. Upon completion, the reaction was quenched
with 2 mL of EtOH and evaporated to dryness. The crude product was then purified by column
chromatography on silica gel eluted with 100 % ethyl acetate followed by DCM/MeOH (98/2) to obtain the
corresponding pure product aza-SWIR-05 as a fine crystalline purple powder (27.8 mg, 47 % yield).

H NMR (600 MHz, 298 K, CDCls) d (ppm) =2.25 (s, 12H), 3.06 (s, 24H), 3.29 (s, 4H), 6.72 (d, ] = 8.8 Hz, 4H),
6.77 (d, | = 8.6 Hz, 4H), 6.83 (s, 2H), 8.05 (d, ] = 8.6 Hz, 4H), 8.23 (d, ] = 8.6 Hz, 4H) ¥*C NMR (150 MHz, 298
K, CDCls) d (ppm) =40.3, 40.4, 43.0, 48.5, 89.4, 111.0, 112.1, 115.7, 120.8, 121.8, 130.5, 132.4, 140.9, 143.0, 150.6,
151.1, 156.0 "B NMR (160 MHz, 298 K, CDCls) d (ppm) = -13.06 (bs) HR-MS (ESI) (Da): m/z calculated for
CsoHsoBNo* [M+H]* 796.49810 Da, found 796.49822 Da Analytical HPLC: Tr = 4.46 min.
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Compound SWIR-WAZABY-04:

o O

N Cs0HsgBCI2N70;

6. T 870.771 g.mol"!
=N.O N/ )

B purple solid

/\ 46%

Synthesis of aza-SWIR-Trastuzumab-01/ aza-SWIR-Trastuzumab-02

Compound aza-SWIR-05 (50 mg, 0.06 mmol, 1 eq) was dissolved in 4 mL of DCM in a 10 mL round bottom
flask, and 3 mL of a saturated aqueous solution of NaHCOs were added. The reaction was stirred for 1 h at
room temperature. The two phases were separated and the aqueous phase was extracted with DCM (3 x 5
mL). The organic phases were combined, washed with brine (2 x 10 mL) and dried over sodium sulfate,
and evaporated to dryness. The crude obtained was dissolved in 3 mL of DCM in a 10 mL round bottom
flask. lodomethane (1.5 mL, 24.1 mmol, 402 eq) was added and the mixture was stirred for 15 min at room
temperature. The crude was evaporated to dryness and then purified by semi-preparative HPLC using
gradient A. Product fractions were collected, evaporated to dryness, and ion exchange was performed. The
product was lyophilized to obtain SWIR-WAZABY-04 product as a blue solid (29.7 mg, 46 % yield).

H NMR (500 MHz, DMSO-ds) d (ppm) = 2.78 (s, 18H), 3.06 (d, ] = 16 Hz, 24H), 4.02 (s, 4H), 6.83 (m, 8H),
7.31 (s, 2H), 8.08 (d, ] = 8.2 Hz, 4H), 8.32-8.33 (m, 2H) *C NMR (125 MHz, 298 K, DMSO-d¢) d (ppm) =40.1,
40.6, 51.6, 56.2, 86.1, 111.8, 113.3, 116.2, 118.2, 121.8, 130.1, 132.4, 139.1, 141.9, 149.8, 151.2 "B NMR (160
MHz, 298 K, DMSO-ds) 0 (ppm) = -13.31 (bs) HR-MS (ESI) (Da): m/z calculated for Cs2HesBNo2+ [M]?*
412.76834 Th, found 412.76700 Th Analytical HPLC: Tr = 4,56 min

Compound aza-SWIR-06:

CsgH59BBIN;O4
984.847 g.mol’
crystalline dark powder
13% yield

OH

aza-SWIR-06

Under argon, compound 4 (75 mg, 97 umol, 1 eq) was dissolved in 60 mL of dry THF in a 250 mL round
bottom flask. 4-(bromomethyl)benzoic acid (22.9 mg; 106 pmol; 1.1 eq) was added and the reaction refluxed
overnight. The reaction was decanted and the supernatant containing starting material removed. The
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precipitate was washed with THF (3 x 15 mL) and evaporated to dryness. The crude was then purified by
column chromatography on silica gel. The starting material was removed eluted with toluene/MeOH (1/0
- 8/2) followed by full MeOH to elute aza-SWIR-06. The fractions containing the compound were
evaporated to dryness to isolate aza-SWIR-06 as a crystalline dark powder (20.6 mg, 13% yield).

TH NMR (600 MHz, 298 K, MeOD-ds4) d (ppm) = 2.66 (s, 6H), 2.67 (s, 6H), 3.05 (s, 12H), 3.57 (s, 2H), 3.79 (s,
6H), 3.87 (s, 2H), 3.98 (s, 2H), 6.80 (d, ] =9.0 Hz, 4H), 6.97 (s, 2H), 7.05 (d, ] =9.0 Hz, 4H), 7.32 (d, ] =8.2 Hz,
2H), 8.00 (d, ] = 8.2 Hz, 2H), 8.06 (d, ] = 9.0 Hz, 4H), 8.26 (d, ] = 9.0 Hz, 4H) »*C NMR (150 MHz, 298 K,
MeOD-d4) 6 (ppm) = 40.4, 42.7, 50.6, 55.2, 56.1, 66.4, 87.4, 88.6, 113.2, 114.8, 116.8, 121.9, 126.5, 131.3, 131.8,
133.3, 133.3, 133.6, 136.9, 144.1, 144.1, 152.8, 157.9, 162.8, 170.5 "B NMR (160 MHz, 298 K, MeOD-ds4) d
(ppm) = -12.4 (bs) HR-MS (ESI) (Da): m/z calculated for CssHssBN7O4* [M]* 904.47161 Th, found 904.47158
Th Analytical HPLC: Tr = 4.48 min.

Compound aza-SWIR-07:

Cs6Hg5BBrNgO,
1010.933 g.mol™’
dark powder

Under argon, aza-SWIR-05 (50 mg, 63 umol, 1 eq) was dissolved in 40 mL of dry THF. 4-
(bromomethyl)benzoic acid (15 mg; 69 pmol; 1.1 eq) was added and the reaction refluxed overnight. The
reaction was decanted and the precipitated was washed with 45 °C THF (3 x 15 mL) and evaporated to
dryness. The supernatants were combined, evaporated to dryness, and purified by column
chromatography on silica gel eluted with Toluene/MeOH (1/1 = 8/2) to remove the starting material
followed by full MeOH to isolate aza-SWIR-07 as a dark powder (8 mg). The product was also in the
precipitate but with 30% impurities. Pure aza-SWIR-07 was used for the characterization and the one with
impurities was used without any further purifications for the aza-SWIR-07 synthesis.

TH NMR (600 MHz, 298 K, MeOD-d4) 6 (ppm) =2.29 (s, 6H), 2.60 (s, 6H), 2.97 (s, 12H), 3.07 (s, 12H), 3.22 (s,
2H), 3.43 (s, 2H'), 3.84 (s, 2H), 6.80 (d, ] = 9.0 Hz, 4H), 6.84 (d, ] =9.0 Hz, 4H), 7.03 (s, 2H), 7.28 (d, ] =8.2 Hz,
2H), 8.00 (d, ] = 8.2 Hz, 2H), 8.08 (d, ] = 9.0 Hz, 4H), 8.43 (d, ] = 9.0 Hz, 4H) »C NMR (150 MHz, 298 K,
MeOD-d4) d (ppm) = 38.8, 39.1, 42.9, 48.1, 49.1, 53.7, 65.0, 110.8, 111.8, 115.0, 119.9, 121.2, 128.4, 129.6, 130.0,
131.8, 132.2, 135.5, 140.8, 142.4, 151.0, 151.4, 155.7 HR-MS (ESI) (Da): m/z calculated for CssHesBNoOz* [M]*
930.53488 Th, found 930.53471 Th Analytical HPLC: Tr = 4.51 min.
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Compound SWIR-WAZABY-05:

C73HgsBFgNgO12
1461.63 g.mol’
blue powder
12% vyield
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@

NH;
Compound aza-SWIR-06 (21 mg, 0.02 mmol, 1 eq) was dissolved in 2 mL of dry DMF in a round bottom
flask. HBTU (20 mg, 0.05 mmol, 2.5 eq) was dissolved in dry DMF (2 mL) before being added to the solution
followed by DIPEA (32 uL, 0.16 mmol, 8 eq). The mixture was stirred at room temperature for 30 min at 30
°C and TOTA-Boc (10 mg, 0.02 mmol, 1 eq) was added. The solution was stirred at 30 °C for 1 h 30. Solvents
were evaporated and the crude purified by column chromatography on silica gel eluted with DCM/MeOH
(10/0 = 1/1) to isolate the Boc-intermediate as a dark solid. This intermediate was immediately dissolved
in dry DCM (4 mL). Iodomethane (1 mL, 16.1 mmol, 805 eq) was added and the reaction stirred at room
temperature for one hour. The solvents were evaporated and the crude solubilized in 20 mL of ACN. 10 mL
of HCl1 (3M) was added and the solution was stirred at 40 °C for 2 h. The crude was evaporated to dryness
and purified by semi-preparative HPLC. SWIR-WAZABY-05 was lyophilized and isolated as a blue solid
(3.5 mg, 12% yield).

RMN ™H (600 MHz, 343 K, ACN-ds/D20) 6 (ppm) =1.84 (h, ] =7.2 Hz, 2H), 1.99 (p, ] = 6.9 Hz, 2H), 2.76-2.77
(m, 3H), 2.78 (s, 3H), 2.83 (s, 3H), 2.96 (s, 3H), 3.11 (s, 12H), 3.17 (t, ] = 6.9 Hz, 2H), 3.57-3.60 (m, 2H), 3.63 (s,
3H), 3.64 (s, 9H), 3.76 (s, 1H), 3.88-3.91 (m, 6H), 3.92 (s, 1H), 4.03 (s, 1H), 4.06 (s, 1H), 4.11 (s, 1H), 7.02-7.03
(m, 2H), 7.10 (dd, ] = 8.2 ; 2.0 Hz, 4H), 7.17 (d, ] = 8.2 Hz, 4H),7.34-7.35 (m, 1H), 7.36-7.38 (m, 1H), 7.70-7.72
(m, 2H), 8.01-8.03 (m, 4H), 8.14 (d, ] = 8.2 Hz, 4H) RMN C (150 MHz, 343 K, ACN-ds/D20) 6 (ppm) =27.0,
28.8,28.9,37.8,38.3,38.4,42.3,42.8,43.4, 43.6,48.1, 50.9, 50.9, 53.0, 54.4, 54.6, 54.7, 56.3, 56.3, 57.8, 67.1, 68.7,
68.8,69.2, 69.3, 69.8,69.9 ; 69.9,70.0,70.1, 86.7, 87.1, 114.5, 114.6, 116.9, 117.1, 118.6, 125.1, 127.9, 128.0, 128.3,
130.4, 130.7, 131.2, 131.3, 132.6, 132.6, 133.1, 133.6, 136.5, 136.5, 136.9, 141.1, 141.2, 143.3, 158.1, 161.7, 168.9,
170.1 RMN B (193 MHz, 343 K, ACN-ds/D20) 6 (ppm) = -12.38 (bs) HR-MS (ESI) (Da): m/z calculated for
CosHssBN9Oe* [M]3+374.22331 Th, found 374.22292 Th Analytical HPLC: Tr=4.18 min
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Compound SWIR-WAZABY-06:

Cr76Hg2BFgN 19010

1487.428 g.mol”!
blue powder
15% yield
o
o\_\
o)
xo .
@ CF3C00
NH3

A mixture of aza-SWIR-07 containing 30% of impurities (30.5 mg, 28 umol mmol, 1 eq) was dissolved in 3
mL of dry DMF in a round bottom flask. HBTU (42.5 mg, 112 pmol, 4 eq) was dissolved in dry DMF (2 mL)
before being added to the solution with DIPEA (43.8 uL, 252 umol, 8 eq). The mixture was stirred at room
temperature for 30 min at 30 °C. A solution of TOTA-Boc (16.1 mg, 38 umol, 1.1 eq) in 3 mL DMF was
added. The solution was stirred at 30 °C for 1 h 30. The solvents were evaporated to dryness. The crude
was solubilized with 20 mL of DCM/water (1/1) and transferred into a separating funnel. The two phases
were separated. The aqueous phase was extracted with DCM (3 x 15 mL). The organic phases were
combined, washed with brine (1 x 20 mL) and with a saturated solution of NaHCOs (1 x 20 mL), and dried
over sodium sulfate. The crude was evaporated to dryness and solubilized with 2 mL of DCM.
Iodomethane (1 mL, 16.1 mmol, 805 eq) was added and the reaction stirred at room temperature for one
hour. The solvents were evaporated and the crude solubilized in 20 mL of ACN. 10 mL of HCI (3M) was
added and the solution was stirred at 40 °C for 2 h. The crude was evaporated to dryness and purified by
semi-preparative HPLC. The resulting compound was lyophilized to isolate pure SWIR-WAZABY-06 as a
green solid (4.7 mg, 15% yield).

RMN ™H (600 MHz, 343 K, DMSO-ds) 6 (ppm) = 1.75 (dp, ] = 13.3, 6.5 Hz, 4H), 2.59 (s, 2H), 2.64 (s, 2H), 2.83
(s, 9H), 2.71 (s, 6H), 2.83 (s, 3H), 2.96-2.99 (m, 12H), 3.04 (s, 12H), 3.30-3.32 (m, 4H), 3.51-3.53 (m, 8H), 3.85
(s, 2H), 3.93 (s, 1H), 3.799 (s, 1H), 4.09 (s, 2H), 6.77-6.80 (m, 4H), 6.83 (d, ] = 8.7 Hz, 4H), 7.32 (s, 2H),7.34 (d,
] =8.1 Hz, 2H), 7.67 (bs, 3H), 7.84-7.87 (m, 2H), 8.08 (d, ] = 9.0 Hz, 4H), 8.34-8.37 (m, 4H), 8.58 (t, ] = 5.5 Hz,
1H) RMN C (150 MHz, 343 K, DMSO-ds) 6 (ppm) = 27.20 (C-), 29.4 (Cad), 36.8 (Cy), 36.9 (Cac), 40.1(Cs), 41.1
(Cn), 49.4 (Cy), 51.6 (Cq), 56.3 (Cy), 67.4 (Cx), 68.7 (Cab), 68.3 (Caa), 69.5 (Cab), 69.6 (Cab), 69.7 (Cas), 69.8 (Caa),
86.1 (Co), 111.2 (Co), 111.3 (Cc), 112.0 (Ci), 115.6 (Cr), 115.9 (Ct), 118.5 (Ce), 120.1 (Cj), 127.7 (Cy), 130.1 (Cx),
130.1 (Ca), 132.3 (Cx), 132.5 (Cu), 136.2 (Cs), 139.6 (Cr), 141.7 (Cs), 151.3 (Cb), 154.6 (Cnm), 158.0 (C3), 158.2 (C),
165.3 (Cw) RMN 1B (193 MHz, 343 K, DMSO-de) & (ppm) = -12.30 (bs) HR-MS (ESI) (Da): m/z calculated for
CeoHooBN11Os2 [M]2+573.86297 Th, found 573.86482 Th Analytical HPLC: Tr = 4.06 min
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Discussion and perspectives

Two water-soluble NIR-Il Trastuzumab-bioconjugated probes (i.e. aza-SWIR-Trastuzumab-01 and
aza-SWIR-Trastuzumab-02) were successfully developed. Both probes were stable with time and
showed high specificity in detecting ovarian tumors expressing HER2 receptor in vivo (i.e. SKOV-
3 tumors), which wasn’t achieved using their non-bioconjugated fluorophore counterparts i.e.
SWIR-WAZABY-01 and SWIR-WAZABY-04, respectively. Considering the superior NIR-II
fluorescence properties and the improved tumor/muscle ratio (~23) attained by aza-SWIR-
Trastuzumab-02 compared to aza-SWIR-Trastuzumab-01 (~7), aza-SWIR-Trastuzumab-02
presents the ideal NIR-Il bioconjugated probe model for NIR-1I FGS application.

In the perspective of applying the latter probe model (SWIR-WAZABY-04 coupled to an antibody)
to NIR-II FGS, we aim at targeting head and neck tumors to facilitate the surgery and to precisely
delineate and resect those tumors with negative margins. To this end, our next step will consist of
coupling SWIR-WAZABY-04 precursor to relevant antibodies in the context of Head and Neck
tumors, as anti-PDL1 antibodies, since 80 % of head and neck tumors express PDL1. This work
presents an important step in the valorization of the patent and it has been recently supported
by the Linksium (SATT Transfert de Technologies & Création de Startup).

Several head and neck tumor cell lines were characterized and the corresponding in vivo
orthotopic tumor models have been well established in the laboratory. Following aza-SWIR-anti-
PDL1 antibody synthesis, the optimal concentration/dose, and the time interval between the
probe injection and imaging will be determined. The Ph.D. student Dr. Christole FABRE, MD, a
surgeon at CHU Grenoble Alpes, will then perform NIR-II fluorescence-guided surgery for head
and neck tumors using the aza-SWIR-anti-PDL1 antibody, and compare its tumor-free survival
with those obtained following ICG, IRDye800, and IRDye800-anti-PDL1 antibody “Gold standard
fluorophores” FGS. We hope that the obtained data will provide a proof of concept of our NIR-II
bioconjugated probe superiority over dyes assessed in the clinic.

To have a chance to be evaluated in a clinical trial, the bioconjugated aza-BODIPY probe should
have better optical properties in vivo as compared to the 2 gold-standard dyes, better or
prolonged tumor accumulation, and no toxicity. In addition, chemical and economic
considerations are necessary. The dye should be easy to produce at a large scale, very cheap, and
chemically and photochemically stable. All these considerations will be evaluated in the next
studies of the team.

Further perspectives include the introduction of a chelator (for PET/SPECT imaging) into the NIR-
Il bioconjugated probe. The resulting probe will allow both, a preoperative PET/SPECT imaging to
localize different tumor lesions and an intraoperative NIR-II FGS to assist surgeons during lesions
resection. In fact, the development of SPECT/NIR-I bimodal imaging bioconjugated probe has
been recently reported by our collaborators at ICMUB [211], suggesting that the synthesis of
SPECT/NIR-Il bimodal imaging bioconjugated probe seems feasible.

142



To avoid liver accumulation, and facilitate the regulatory validation of our NIR-II bioconjugated
probes, applying it topically to superficial tumors would be a solution. For instance, spraying
bevacizumab-IRDye800CW topically on the esophagus lumen of patients possessing esophageal
adenocarcinoma, allowed the visualization of all dysplastic and neoplastic lesions, and provided
a slightly higher tumor-to-background ratio (TBR) compared to systemic administration [212].
This probe has already completed phase | clinical trial and started phase Il trials.
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Article 4: Aza-BODIPY: A New Vector for Enhanced
Theranostic Boron Neutron Capture Therapy
Applications

As discussed in section 4 of the introduction, the implantation of BNCT in daily clinical practice
requires both, the installation of hospital-based neutron sources, and the development of novel
boron-10 rich compounds possessing adequate safety profiles, selective and high tumor uptake,
and intrinsic imaging properties that allow their tracking and quantification. With more
accelerator-based neutron sources being approved, the development of theranostic boron
compounds remains a main requisite. Since the development of BSH and (®F)-BPA, several
theranostic BNCT compounds have been reported. However none of them have passed to clinical
assessment due to either their poor tumor uptake, toxicity, difficult synthesis, or absence of an
impressive anti-tumor effect.

To address this challenge, we developed with our collaborators at ICMUB a theranostic BNCT
compound based on the previously reported aza-BODIPY fluorophore i.e. SWIR-WAZABY-01
(article 1) coupled to the clinically used boron compound i.e. BSH. The resulting compound i.e.
aza-SWIR-BSH-01 takes advantage of SWIR-WAZABY-01 significant tumor-targeting capacity and
unique fluorescence properties, to enable enhanced BSH vectorization into tumors and real-time
imaging respectively. Aza-SWIR-BSH-01 synthesis, tumor accumulation, and therapeutic
potential following neutron irradiation were investigated in the following article entitled “Aza-
BODIPY: A New Vector for Enhanced Theranostic Boron Neutron Capture Therapy Applications”,
published in Cells.

Aza-SWIR-BSH-01 showed strong uptake in tumor cells in vitro and in mice tumors in vivo, as
demonstrated by fluorescence optical imaging and boron quantification data. Following neutron
field irradiation, a reduction in tumor growth was observed in tumor cells in vitro and in in ovo
glioblastoma tumor model, as compared to BSH alone. These experiments demonstrated the
potential and the efficacy of aza-SWIR-BSH-01 as a theranostic BNCT compound in preclinical
tumor models.

To note, | was responsible for the biological investigations applied in article 4. The neutron
irradiation experiments were performed at the ILL (Institut Laue-Langevin) within our dedicated
beam time. In this context, | have developed an in ovo glioblastoma tumor model to substitute
the use of in vivo rodents at the ILL. It is worth noting that this model wasn’t established in our
laboratory previously. The chemical synthesis and the laser-induced breakdown spectroscopy
studies were performed by the chemists and the physicists at ICMUB and ILM (Institut Lumiere
Matiere) respectively.

The use of aza-SWIR-BSH-01 as a theranostic BNCT compound was presented as an oral
communication at the “SFNano-C’'Nano joint meeting 2019” and as a poster pitch at the “15th
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European Molecular Imaging Meeting (vEMIM 2020)”. Accordingly, | was awarded the “Best flash
presentation prize” and “Best of vEMIM Poster-Pitches award”.
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Abstract: Boron neutron capture therapy (BNCT) is a radiotherapeutic modality based on the
nuclear capture of slow neutrons by stable °B atoms followed by charged particle emission
that inducing extensive damage on a very localized level (<10 um). To be efficient, a sufficient
amount of 1B should accumulate in the tumor area while being almost cleared from the normal
surroundings. A water-soluble aza-boron-dipyrromethene dyes (BODIPY) fluorophore was reported
to strongly accumulate in the tumor area with high and BNCT compatible Tumor/Healthy Tissue ratios.
The clinically used '°B-BSH (sodium borocaptate) was coupled to the water-soluble aza-BODIPY
platform for enhanced '“B-BSH tumor vectorization. We demonstrated a strong uptake of the
compound in tumor cells and determined its biodistribution in mice-bearing tumors. A model of
chorioallantoic membrane-bearing glioblastoma xenograft was developed to evidence the BNCT
potential of such compound, by subjecting it to slow neutrons. We demonstrated the tumor
accumulation of the compound in real-time using optical imaging and ex vivo using elemental
imaging based on laser-induced breakdown spectroscopy. The tumor growth was significantly
reduced as compared to BNCT with 1B-BSH. Altogether, the fluorescent aza-BODIPY/!°B-BSH
compound is able to vectorize and image the '"B-BSH in the tumor area, increasing its theranostic
potential for efficient approach of BNCT.

Keywords: aza-BODIPY; BNCT, in ovo model; theranostic; boron compound; 10B_-BSH; optical
imaging; NIR-I; SWIR
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1. Introduction

Boron neutron capture therapy (BNCT) is a cancer treatment modality based on the vectorization
of 1°B-rich compounds in tumor tissues before neutron exposure to selectively destroy cancer cells.
Under low-energy neutron irradiation, the stable 1B atoms may capture neutrons producing energetic
alpha and ”Li particles. The generated high-linear energy transfer (LET) particles have a cell killing
effect within a 10 pm-range [1,2]. Such type of cancer treatment may not only spare the surrounding
healthy tissues but may be efficient to treat recurrent, or radioresistant to conventional X-ray photon
therapy tumors [3-6].

BNCT has obtained promising clinical results for several pathologies as head and neck tumors
including recurrent pathologies [3,5,7], malignant brain tumors [8,9], and malignant melanoma [10,11].
Regardless of these reports, there are still several limitations. The first limitation of this treatment
modality meanwhile overcome was the lack of hospital neutron sources that limited the clinical practice to
research nuclear reactor sites. Recent developments have permitted the installation of accelerator-based
neutron sources [12,13], opening new perspectives to BNCT. In the last 4 decades, only two compounds
have been used as '"B-sources for BNCT in patients: sodium mercaptoundecahydrododecaborate
(also called sodium borocaptate, N a,'9B1,H;1SH; Na, '°BSH; or BSH) and L-p-boronophenylalanine
(L-19BPA). While not used in clinical trials, GB-10 ([closo-B1oH10]%~, dodecahydrododecaborate) is
also an FDA approved molecule [14]. Despite their clinical use, both compounds do not fulfill all the
required criteria. In particular, to be successful, 20 to 50 pg of 1°B per gram of tumor is necessary,
with a tumor-to-normal tissue and tumor-to-blood ratio > 3:1 [15].

To deliver boron-containing compounds in tumors, various low molecular weight molecules have
been developed for preclinical research including boron clusters [16,17], amino acid derivatives [18],
RGD-BSH conjugates for integrin o, 33 targeting [19], and several other specific targeted systems [20-22].
The clinical application of BNCT requires the tracking of the compound in vivo to predict the 1°B
concentration in the tumor and surrounding non-tumor tissues. Blood samples are required for indirect
10B tumor amount estimation [23,24] and adjustment of the treatment planning system that permits to
deliver the optimal neutron exposure time and to determine the dose delivered to the patient. Positron
emission tomography (PET) or single-photon emission computed tomography (SPECT), which are
highly sensitive nuclear imaging techniques, are non-invasive quantification procedures used to track
and quantify boron carriers in vivo, for personalized treatment protocols.

For preclinical studies, optical imaging (OI) can be also used [25,26]. Among the different optical
probes, boron-dipyrromethene dyes (BODIPYs, Figure 1a) are very versatile organic fluorophores
with tunable optical properties from the visible to the NIR-I (Near Infrared) and SWIR (Short Wave
Infrared) optical windows [27-29], which display excellent photophysical properties controlled by
substitution pattern conferring a strong interest for these compounds as theranostic tools [30,31].
Moreover, the fluorine atoms on the boron could be substituted by acetylides bearing ammonium
groups for engrafting functional groups to increase the water-solubility and to conjugate them with
chelates for OI/PET, OI/SPECT bimodal imaging [32-35], and therapeutic moieties [31,36,37]. BODIPY
fluorophores are also interesting for BNCT, as they possess a boron atom. However, the presence of only
a single boron atom in the BODIPY core and the limited number of commercially available '°B-boron
reagents make it difficult to synthesize enriched '’B-BODIPYs. For this reason, BODIPY derivatives
reported for a BNCT use implied their conjugation to a °B-boron cluster [38-41]. Up-to-now, none of
these studies described either in vivo BNCT investigations or OI distribution studies due to the fact
that BODIPYs emit in the visible region of the light spectrum while preclinical OI studies require
fluorescence emission in the NIR-I and, if possible, in the NIR-II/SWIR optical window. To bridge
this gap, we decided to tether a 1’B-BSH on a NIR-emitting BODIPY derivative named aza-BODIPY
(Figure 1b), thereby creating a theranostic system gathering the advantages of both aza-BODIPY and
10B-BSH components.
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Figure 1. (a) General structure of boron-dipyrromethene dyes (BODIPY), (b) aza-BODIPY, and (c)
aza-SWIR-BSH-01, (d) absorption and emission spectra of aza-SWIR-BSH-01 in DMSO [29].

We recently reported the use of a B-functionalized aza-BODIPY emitting in the SWIR region
and accumulating in tumors via EPR effect (Enhanced permeability and retention effect) with high
and prolonged Tumor/Healthy Muscle ratio (between 5 and 30, from 24 to 168 h post-injection)
without the need of tethering vector [29]. SWIR fluorophores enable to reach a penetration depth
of 1 to 10 mm with increased resolution of the images as compared to those obtained with NIR-I
probes [42,43]. Here, such aza-BODIPY was used to vectorize the small 10B-BSH molecule at the tumor
site while benefitting from the imaging properties of the fluorophore for theranostic applications.
First, the tumor cell loading capacity of the compound was demonstrated using original microscopy
settings and its in vitro BNCT efficacy. Then, its distribution and behavior in tumor-bearing mice
were described. For BNCT experiments performed on animals, the chorioallantoic membrane
(CAM) model in fertilized chicken eggs was used to establish vascularized glioblastoma in vivo and
evaluated the aza-BODIPY/!’B-BSH conjugate tumor uptake with optical imaging and laser-induced
breakdown spectroscopy [44—47]. Finally, a neutron beam was used to evaluate the expected toxicity
of the neutron-exposed aza-BODIPY/!°B-BSH compounds and demonstrated their strong potential as
efficient theranostic boron-vectors for promising BNCT applications.

2. Materials and Methods

2.1. Synthesis and Characterization of Compounds

Detailed syntheses and analyses—NMR, mass-analyses (the calculations are based on the mass of
the most abundant isotopologue, unless otherwise specified), and HPLC-MS—can be found in ESI
and previously reported studies [29,48]. (*H, 1B, 13C, 9F)-NMR spectra were recorded at 300 K on
Bruker 500 Avance III or 600 Avance III spectrometers. Chemical shifts are given relative to TMS
(tetramethylsilane) (*H, 3C), BF3*Et,O (1'B), CECl;5 (1F), and were referenced to the residual solvent
signal. High-resolution mass spectra (HR-MS) were recorded on a Thermo LTQ Orbitrap XL ESIMS
spectrometer. NMR and mass-analyses were performed at the “Plateforme d’Analyse Chimique et de
Synthese Moléculaire de I'Université de Bourgogne” (PACSMUB). The photophysical characterization
has been performed as described previously [29] using UV-Vis-NIR spectrophotometer Cary5000
between 300 and 1200 nm. Steady-state photoluminescence spectra were measured from 700 to 1500 nm
with a calibrated FSP 920 (Edinburgh Instruments, Edinburgh, UK) spectrofluorometer equipped with
a nitrogen-cooled PMT R5509P.

2.2. Cell Lines and Culture

Human glioblastoma astrocytoma cell lines, U-87 MG and U-251 MG, were obtained from the
European Collection of Authenticated Cell Cultures (ECACC).

U-87 MG and U-251 MG cell lines were cultured in a 37 °C humidified environment containing 5%
CO; in DMEM media supplemented with 10% heat-inactivated fetal bovine serum, and for U-87 MG
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cell cultures 1% non-essential amino acids. A total of 10,000 cells were plated into 4-well chambered
cover glass Nunc™ Lab-Tek™ II (Roskilde, Denmark) for 48 h to be used for fluorescence microscopy.

2.3. Fluorescence Microscopy

Previously prepared 2D cell cultures were kept at 37 °C, 5% CO, and incubated with 10 uM
aza-SWIR-BSH-01 compound solution diluted in cell culture medium. Fluorescence microscopy images
were acquired using a confocal laser-scanning microscope (LSM 710 Carl Zeiss, Jena, Germany) in
combi mode. Plan apochromat 63X in oil objective was used. Hoechst 33,342 was used to counterstain
the cell nuclei (1 uM). Optimal fluorescent signal would be obtained with a 680 nm excitation laser,
and a collection wavelength between 800-1200 nm would be required. However, such settings are
not available in our current microscopy system. Therefore, the fluorescent signal of the water-soluble
aza-BODIPY was collected after excitation with 1.5% 633 nm laser (pinhole aperture 200 pm, gain 1000)
using a LP736 filter, in APD (avalanche photodiode) mode.

Images were processed using Image]J software. The experiments were performed at the MicroCell
(Optical Microscopy-Cell Imaging) platform, IAB Grenoble.

2.4. In Vivo Imaging Experiments

All animal experiments were performed in accordance with the Institutional Animal Care and Use
Committee at Grenoble Alpes University. These experiments were also approved by the Animal Ethics
Committee of the French Ministry, under the agreement number APAFIS #8782. The experiments were
performed at the Optimal (Small Animal Imaging Platform) platform, IAB Grenoble.

U-87 MG cancer cells (5 million cells per 100 uL. PBS) were injected subcutaneously on the
right flank of female NMRI nude mice (6-8-week-old) (Janvier Labs, Le Genest-Saint Isle, France).
After tumor growth (~two weeks), 6 mice were anesthetized (air/isoflurane 4% for induction and 2%
thereafter) and injected intravenously in the tail vein with 200 uL of aza-SWIR-BSH-01 (600 uM in PBS).
Whole-body NIR fluorescence images were acquired before and 2, 5, 24, and 48 h post-administration.
Three mice were euthanized at 24 and 48 h, respectively, and their organs were sampled for ex vivo
fluorescence imaging. Acquired images were analyzed using Image] software. Semi-quantitative data
were obtained by drawing regions of interest (ROI) around the organs. The fluorescence imaging was
performed using a Pear Trilogy LI-COR system with a laser excitation source of 785 nm and a CCD
(charge couple device) collecting fluorescence > 820 nm.

2.5. Neutron Exposure at the Institut Laue-Langevin

2.5.1. Neutron Beam Characteristics

Neutron irradiation experiments were performed at the Institut Laue-Langevin (ILL) (Grenoble,
France). The beam line PF1b [49] provides cold neutrons that were collimated through a 3 m long
system to obtain a final circular beam of 2 cm diameter. Before the experiment, the thermal neutron
capture equivalent flux was measured by activation of thin Au foils, at 2.85 X 10 cm~2 s~. For cell
irradiations, this cold neutron beam provides results equivalent to a thermal neutron irradiation as
explained in detail in Pedrosa-Riviera et al. [50], but for egg irradiations, a significant attenuation
towards deeper layers has to be considered.

2.5.2. BNCT Experiment on Cells

Exponentially growing glioblastoma cancer cells (U251 MG/U87 MG cells) were incubated with
media alone, media containing BSH, or media containing aza-SWIR-BSH-01, at a 10B concentration
of 40 ug/mL. Cells incubated with media alone were used as a control. After 2 h, the cells (in each
incubation condition) were washed, collected, and divided into 4 quartz cuvettes (Hellma, 110-QS,
1-mm layer thickness). These cuvettes were kept as control or exposed to the neutron beam for 1,
5, and 10 min, respectively. Following the neutron irradiation, cells were counted, diluted, and re-plated
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in T25 flasks in triplicates (500 cells/flask) for the colony formation assay. When 128-cell-colonies
were formed in the control condition, the flasks were washed with PBS, fixed with 4% formol
(U-87 MG) (for 15 min) or with 4% glutaraldehyde (U-251 MG) (for 5 min), stained with methylene
blue (for 15-30 min), and dried. Finally, the colonies were counted and the results were normalized to
the control condition in each cell line and treatment condition.

2.5.3. In Ovo BNCT Experiment

According to the French and European regulations, no ethical approval is needed for the scientific
experimentations using oviparous embryos. This model was developed to restrict the use of animals
and to facilitate BNCT experiments, according to the following procedure: fertilized white leghorn
chicken eggs (Couvoir de Cerveloup, Vourey, France) were incubated at 38 °C with 60% relative
humidity. At day-3 of chicken embryo development, 3 mL albumin was removed from the eggs and
a small window was made into the eggshell above the chorioallantoic membrane (CAM). At day
7, the CAM was gently lacerated and 5 x 10° pelleted glioma cells mixed with 30 uL of matrigel
(Growth Factor Reduced (GFR) Basement Membrane Matrix 354,230, Corning® Matrigel® (Wiesbaden,
Germany)) were deposited on the lacerated region. At day 10, 100 uL of °B-containing formulations
(1°B-BSH or aza-SWIR-BSH-01) were added on top of the grown tumors (1.35 pug of 1°B/egg) 1 h prior
to irradiation, untreated eggs served as a control. The eggs were then exposed to neutron beam for 1 h,
split in 2 sessions of 30 min to expose each tumor on both sides (n < 3/condition). Following neutron
exposure, the eggs were re-incubated for additional 6 days after which they were terminated and the
tumors were carefully collected, weighed, and analyzed.

2.5.4. Statistical Analysis

In vitro data passed the Shapiro-Wilk normality test and were analyzed using a One-way ANOVA
and a Sidak’s test for multiple comparisons (Graphpad Prism 7.0 (La Jolla, CA, USA)). CAM data
passed the Shapiro-Wilk normality test and the indicated treatment groups were compared using a
student’s t-test.

2.6. Elemental Imaging Using Laser-Induced Breakdown Spectroscopy (LIBS)

Frozen tumor samples were cut into 7 pm-thick sections before mounting onto plastic slides.
The samples were analyzed with a LIBS system to determine their elemental composition, i.e., boron (B ()
208.8 nm) and phosphorus (P (I) 214.9 nm) elements in our case. The homemade LIBS setup was based
on an optical microscope that combined a LIBS laser injection line, a standard optical-imaging apparatus,
and a three-dimensional motorized platform for sample positioning [45]. In brief, the ablation was
created using a quadruple Nd:YAG laser pulses of 1064 nm. The pulse duration was 8 ns, the pulse
energy 1 mJ, and the repetition rate 100 Hz. During the sample scan, the objective to sample distance
was carefully controlled to compensate for any flatness anomalies. The light emitted by the plasma
was collected and connected by an optical fiber to a Czerny-Turner spectrometer equipped with an
intensified charge-coupled device camera (Shamrock 303 and iStar, Andor Technology, Belfast, UK).
The experiments were performed by Ablatom S.A.S.

2.7. In Ovo Fluorescence Imaging

The experiments were performed at the OPTIMAL (Small animal optical imaging) platform,
IAB Grenoble. In order to determine the in ovo tumoral accumulation kinetics, in ovo glioma models
were prepared. Eggs bearing well-developed and vascularized glioma xenografted tumors were
incubated with 20 pL of aza-SWIR-BSH-01 compound. Fluorescence images of the eggs were acquired
before and at specific time intervals following the incubation. Obtained images were analyzed using
Image] software. Semi-quantitative data regarding the tumoral accumulation were obtained by
drawing regions of interest (ROI) around the tumors. NIR-I 2D-fluorescence reflectance imaging device
(Fluobeam 800®, Fluoptics, France) was used to image the eggs incubated with aza-SWIR-BSH-01
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compound. Fluobeam 800 was provided by a class 1 expanded laser source at 780 nm delivering
10 mW/cm? on the imaging field. The resulting fluorescence signals were collected by a CCD through
a high pass filter > 830 nm.

2.8. Quantification of B Content by Inductively Coupled Plasma—Atomic Emission Spectrometry (ICP-AES)

Mice bearing U-87 MG tumors were injected with 40 g of 1B equivalent from aza-SWIR-BSH-01
or 19B-BSH condition (1 = 3/group). Determination of the boron content in the samples was performed
by ICP-AES analyses (Agilent 720 ES) with a detection limit of 0.1 mg/L. The samples were mineralized
using 1 mL of aqua regia (mixture of acids: nitric and hydrochloric). After complete mineralization,
the samples were diluted with HNOj (5%, w/w) to reach a 3 mL volume and finally filtered at 0.2 um
for the measurements. The results were expressed as pg of 1°B/g of tumor. The experiments were
performed at the ISTerre platform, Grenoble.

3. Results

3.1. Rationale, Design, and Characterization of the Compounds

To design an efficient theranostic boron vector, we used a fluorescent reporter platform based
on the versatile BODIPY family (Figure la) displaying (i) a strong tumor accumulation and (ii)
a biocompatible water-solubility, (iii) which can be easily functionalized. In particular, we used
B-functionalized aza-BODIPYs (Figure 1b,c), as they have numerous advantages, such as a very
high chemical and photochemical photostability, and excellent photophysical properties, rendering
them suitable fluorophore for the NIR-I to the SWIR region (Figure 1d). Previously, we developed a
strategy, which favored their solubilization and limited their aggregation in biologically relevant media
(i.e., water, PBS, or serum), by substituting the fluorine atoms on the boron by alkyne ammonium
groups [34,35,48]. Very recently, we used this strategy on a particular Donor-Acceptor-Donor’
aza-BODIPY structure, which emits in the SWIR region, yielding a water-soluble derivative
SWIR-WAZABY-01 (See the ESI and Reference [29]; WAZABY for Water-Soluble aza-BODIPY).
SWIR-WAZABY-01 could accumulate in vivo very efficiently at the tumor site, without any vectorization,
showing high SWIR contrast for up to one week [29].

In this study, we took advantage of the SWIR-WAZABY-01 structure to deliver the "B-BSH at the
tumor site, while enabling the tracking of the molecule in vivo by optical imaging. In order to tether
the 1°B-BSH on the SWIR-WAZABY-01, we slightly modified its structure and adapted the synthetic
method previously reported by us in order to synthesize aza-SWIR-BSH-01. It is functionalized with
one 1°B BSH unit and emits in the near-infrared region (Figure 1c and see ESI section for the synthetic
pathway of aza-SWIR-BSH-01).

3.2. In Vitro Distribution and BNCT Efficacy

To investigate the tumor cell accumulation capacity of aza-SWIR-BSH-01 compounds, the first
set of experiments was conducted on brain tumor cells U-251 MG and U-87 MG using
SWIR-WAZABY-01, a SWIR emitting aza-BODIPY structurally close to aza-SWIR-BSH-01 but without
BSH (see Godard et al. [29]). While the fluorescent signal of SWIR-WAZABY-01 was more compatible
with in vivo experiments, due to its emission in the SWIR optical region, it was still detectable by
conventional fluorescence microscopy for in vitro investigations. SWIR-WAZABY-01 was incubated
with human brain tumor cells U-251 MG and U-87 MG cultured in 2D, but also in 3D spheroids
mimicking small tumors. This compound displayed a very fast tumor cell internalization in both 2D
and 3D cultures.

Therefore, similar experiments were conducted using the new compound aza-SWIR-BSH-01
on U-87 MG cells. As displayed in Figure 2 after 3 h of incubation, aza-SWIR-BSH-01 accumulated
massively in tumor cells, into small cytoplasmic vesicles. The main challenge of this compound was
its fluorescence emission properties that can mostly be measured after 800 nm. A dedicated confocal
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setting was used to collect with a high sensitivity to the photon of the compound. In the first hours of
incubation, the signal of the internalized aza-SWIR-BSH-01 was weak and diffuse, but it was clearly
visible at around 3 h of incubation as demonstrated in Figure 2a. Under the same experimental
conditions, the control cells presented a very weak and homogenous signal (Figure 2b).

Figure 2. Human glioblastoma U-87 MG cells cultured in 2D incubated with aza-SWIR-BSH-01
(red signal) for 3 h (a), and control cells (b). Nuclei were labeled with Hoechst (blue signal).
Corresponding phase-contrast pictures are depicted in black and white color. Scale bars represent 20 pum.

To confirm cellular uptake and to further evaluate the compound'’s therapeutic potential in vitro,
the cells were incubated with aza-SWIR-BSH-01 or B-BSH for 2 h, placed in quartz cuvettes,
and exposed to the neutron beam for 1 to 10 min, or kept as control. The cells were then harvested
and seeded for colony assay. After incubation with 1°B-BSH and short neutron exposure (5 and
10 min), only the growth of U-87 MG cells was reduced as compared to the neutron exposure
alone (Figure 3a). Similarly, aza-SWIR-BSH-01 with neutron irradiation was able to strongly reduce
the number of colonies as compared to neutron alone (Figure 3a). Regarding U-251 MG cells
(Figure 3b), aza-SWIR-BSH-01 strongly decreased the number of colonies as compared to both
the 1°B-BSH and neutron condition after 5 and 10 min neutron exposure (see also ESI Figure S9
(Supplementary Materials)). These results confirmed the therapeutic potential of aza-SWIR-BSH-01
in vitro, which is slightly better than 1°B-BSH alone.

3 U-87 MG b U-251 MG
150+ xe 1901 —
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ﬁl? S PR ki =3 "°B-BSH
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Figure 3. Boron neutron capture therapy (BNCT) experiment in vitro. U-87 MG (a) and U-251 MG
(b) cells were incubated with 19B-BSH (grey) or aza-SWIR-BSH-01 (white) during 2 h before neutron
exposure, and re-seeding for colony assay. Control condition (neutron alone) is indicated in black.
The results are represented as the mean of 3 independent experiments + standard deviation (S.D.).

3.3. In Vivo Distribution and Behavior

Before studying the therapeutic potential of aza-SWIR-BSH-01 compound as a boron-vector,
in vivo experiments were performed to determine the distribution profile of the compounds, and more
importantly the tumor and tumor environment’s uptake. The animals were imaged before and
until 48 h post-intravenous administration of the compound using optical imaging, and the organs
were collected at 24 and 48 h post-injection. As indicated in Figure 4a,b, the compound was largely
distributed in the animal’s body without any unexpected accumulation and was mainly eliminated by
the kidneys. Aza-SWIR-BSH-01 accumulated very weakly in muscles, fat, and healthy brain tissues.
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Contrariwise, aza-SWIR-BSH-01 accumulated strongly in U-87 MG tumors and was retained for a
prolonged time. The remoted tumors revealed a homogenous distribution of aza-SWIR-BSH-01 at 24
and 48 h post-injection (Figure 4c). In parallel, dedicated quantitative experiments were performed in
mice-bearing U-87 MG injected with aza-SWIR-BSH-01 and '°B-BSH to determine the boron tumor
uptake at 24 h. Mice were injected intravenously with either 200 uL of aza-SWIR-BSH-01 at 2 mM or
10B-BSH equivalent, i.e., 40 pg of B equivalent per injection (i.e., >3-fold the dose administered for
imaging purpose). Such a concentration of aza-SWIR-BSH-01 is sub-optimal for BNCT experiment,
but still allows the optical tracking of the compound. Indeed, the fluorescent compound becomes
partially quenched at high dose, which limits its detection. The ICP-AES revealed a tumor uptake of
9.3 + 4.7 ug of 19B/g of tissue and 6.3 + 4.7 g of 1°B/g of tissue, respectively. However, this difference was
not significant (1 = 3/condition). The Tumor/Skin ratios were determined ex vivo; they reached 1.9 + 0.5
at 24 h, and then decreased at 48 hat 1.5 + 0.7 (Figure 4d). In Figure 4e, the ex vivo Tumor/Muscle ratios
measured at 24 and 48 h were 7.3 + 0.9 and 12.3 + 4.4, respectively. Such Tumor/Muscle ratios were in
accordance with the required values for BNCT purpose (i.e., T/M ratio > 3-5) [4,7,51]. Furthermore,
the investigations also revealed the absence of acute toxicity after intravenous administration of
aza-SWIR-BSH-01 [29].
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Figure 4. In vivo distribution and behavior of aza-SWIR-BSH-01 in mice-bearing subcutaneous U-87
MG tumors. The non-invasive images were taken from TO until 48 h (a). Tumors are indicated
with an arrow. (b) The distributions were observed at 24 h (green) and 48 h (blue) post-injection.
(c) Remoted tumor observed at 24 h and 48 h post-injection revealed a higher tumor accumulation at
24 h. (d) Tumoz/Skin and (e) Tumor/Muscle ratios from ex vivo analysis.

3.4. In Ovo BNCT Assay and Distribution

A specific model of tumor growth was used to perform the evaluation of the BNCT efficacy of
aza-SWIR-BSH-01 compound. We worked with CAM into which U-251 MG or U-87 MG tumor cells
were implanted (Figure 5a). To perform the BNCT experiment, aza-SWIR-BSH-01 and '°B-BSH (1.35 ug
10B/egg) were added on the top of the U-251 MG tumors 1 h before neutron exposure (Figure 5b).
The tumors were collected at day-16, i.e., few days before hatching. The tumor growth was significantly
lower in the condition aza-SWIR-BSH-01 + neutron exposure as compared to neutron exposure
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alone, or 19B-BSH + neutron exposure, with 58.4 + 16.2% versus 100 + 37.6%, and 101.1 + 16.0%,
respectively (Figure 5c).
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Figure 5. In ovo model of tumor for evaluation of theranostic aza-SWIR-BSH-01 compound. (a) Presentation
of the in ovo tumor model for BNCT application. (b) Color images of tumor before and after administration
of aza-SWIR-BSH-01 (pale blue color), indicating the presence of the compound at the tumor site. (c) Tumor
development measured at day 16, i.e., 6 days after the addition of 10B-BSH and aza-SWIR-BSH-01 for 1 h
followed by neutron exposure. (d) Laser-induced breakdown spectroscopy (LIBS) elemental imaging
of boron from tumor sections collected at day 16 showing the presence of remaining boron in tumors
treated with aza-SWIR-BSH-01. (e) 2D fluorescence imaging of aza-SWIR-BSH-01 distribution before
and until 24 h post-administration onto glioma tumors implanted on chorioallantoic membrane (CAM).
(f) Non-invasive measurement of aza-SWIR-BSH-01 fluorescence in tumors with time. Results are
expressed as the tumor fluorescence mean + S.D (n = 4).

We verified the presence of boron at the tumor site for boron-containing conditions to better
understand the obtained results. Thus, the excised tumors collected at day 16 were sliced and analyzed
by LIBS imaging for elemental analysis [44] and examine phosphorus (P) and boron (B) content and
distribution. P was selected as it is present in every cell and its distribution reflects the area of the
tissue itself [47,52]. P was used to delineate the tissue sections (in white in Figure 5d). As indicated
in Figure 5d, B was observed in tumors treated with aza-SWIR-BSH-01, in all the different sections,
while it was not observed for the 1°B-BSH condition. In this case, '’B-BSH may accumulate at the
tumor site, but presumably to a lower extent, and/or might be released from the tumor site after such a
long time, being below the limits of detection of the LIBS system. Contrariwise, aza-SWIR-BSH-01
accumulated at very high levels in the tumor region (Figure 5d) and was retained in the tissues during
6 days after administration.

From the elemental images obtained with LIBS, we found that the distribution of boron atoms
was not homogenous within tumors. A detailed fluorescence distribution study was then conducted
in eggs bearing tumors to further understand the compound’s tumor uptake in ovo. The results are
presented in Figure 5e f. Aza-SWIR-BSH-01 accumulated very well in the tumor at early time points
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(1 h), evidencing some diffusion into vessels at time points with prolonged exposure, suggesting a
long-lasting circulation in the blood vessels. The fluorescence signal increased with time, reaching a
massive uptake peak at 24 h. As compared to the fluorescence signal obtained after 1 h, the fluorescent
signal at 24 h was enhanced by a factor of ~2.5, confirming that the optimal and minimal time
required for optimal aza-SWIR-BSH-01 tumor uptake was 24 h. These results also suggest that 24 h
post-treatment could be the ideal delay for starting neutron irradiation for a more effective BNCT.

4. Discussion

BODIPY derivatives have already been developed for BNCT application [38—41], but none of
them, to our best knowledge, have been tested for BNCT anti-tumor development in vitro and in vivo.
This study is the first to report the use and evaluation of aza-BODIPY-based compounds as theranostic
compounds for BNCT purpose.

The delivery of 1B into tumors for BNCT requires the production and evaluation of biocompatible
and water-soluble vectors, with no or only marginal and reversible toxicity, and preferential tumor
accumulation while clearing from the blood and tumor micro-environment. As recently reported,
some SWIR-WAZABY compounds possess a strong, time-dependent tumor uptake, and weak muscle
accumulation [29]. Contrariwise, 1’B-BSH, a molecule approved for BNCT, is rapidly washed out
from the body and should be administrated at high dose [8,53]. Here, the tumor uptake kinetics
and the elemental imaging indicated that the 1B-BSH part of the novel aza-SWIR-BSH compound
advantageously followed the BNCT-compatible kinetics of the SWIR-WAZABY vector, rather than that
of the 1°B-BSH moiety itself. Therefore, the engraftment of the small '°B-BSH entity did not impact the
tumor accumulation capacity and water-solubility of the SWIR-WAZABY, even when administered
at high concentrations (200 uL at 2 mM as a bolus intravenous administration). The substitution of
the fluorine atoms on the boron allowing to increase the water-solubility is a key factor for efficient
distribution and tumor targeting.

To evaluate the properties of the theranostic aza-SWIR-BSH compound in vivo, the CAM model
was used. This model is particularly interesting for drug evaluation as (i) the tumors grow rapidly due
to the nutrients-rich environment of the CAM, (ii) the vasculature is well developed and accessible,
allowing an efficient tumor vascularization, (iii) the absence of a well-established immune system at
this point of embryo development contributes to the tumor growth, even from patient-derived cells,
and (iv) the utilization of this experimental model contributes to the reduction of animal’s use in an
ethical aspect of the research [54]. Therefore, this model has been widely used for the evaluation of
anti-angiogenic or antitumor compounds [54-56], the evaluation of sensitizers for radiotherapy and
photodynamic therapy [57,58], and imaging using MRI and PET/CT [59,60]; however, the CAM model
has never been reported to demonstrate the potential of boron compounds for BNCT application.
Using optical imaging, the distribution of aza-SWIR-BSH compound in this CAM model indicated an
optimized tumor uptake after prolonged exposure time (24 h, Figure 5), while the 1-h administration
followed by neutron exposure was already able to reduce tumor growth; all these results suggested
that BNCT could increase tumor shrinkage after prolonged incubations with these compounds and
neutron exposure.

5. Conclusions

Altogether, we demonstrated that water-soluble aza-BODIPYs can be used as theranostic vectors
for boron complexes, opening a new perspective for compound development for BNCT applications.

6. Patents
To be added during the reviewing process when official patent numbers will be known.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/9/1953/s1,
Table S1: HPLC analytical gradient. Table S2: Detailed of gradient. Scheme S1: Synthetic pathway of
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aza-SWIR-BSH-01. Figure S1: Analytical HPLC of SWIR-WAZABY-02. Figure S2: 'H NMR of SWIR-WAZABY-02
(500 MHz, 298 K, MeOD-dy). Figure S3: '3C NMR of SWIR-WAZABY-02 (125 MHz, 298 K, MeOD-d,). Figure S4:
Analytical HPLC of aza-SWIR-03. Figure S5: 'H NMR of aza-SWIR-03 (500 MHz, 298 K, DMSO-d,). Figure S6:
13C NMR of aza-SWIR-03 (150 MHz, 298 K, DMSO-dg). Figure S7: 'H NMR of aza-SWIR-BSH-01 (500 MHz, 298

K, DMSO-dg). Figure S8: 13C NMR of aza-SWIR-BSH-01 (150 MHz, 343 K, DMSO-dg). Figure S9: U-251 cells
incubated with aza-SWIR-BSH-01 before (a) and after (b) 10 min of neutron exposure colored with Trypan blue.
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Theranostic aza-BODIPY as vector for enhanced
Boron Neutron Capture Therapy applications

Ghadir Kalot '*, Amélie Godard 2%, Benoit Busser 13, Jacques Pliquett 2, Mans Broekgaarden 7,
Vincent Motto-Ros 4, K. David Wegner 3, Ute Resch-Genger 5, Ulli Koster 6, Franck Denat 2, Jean-
Luc Coll 1, Ewen Bodio 2*, Christine Goze 2>* and Lucie Sancey *

Materials and methods for chemical synthesis and characterization

Reactions were carried out in analytical reagent grade solvents from Carlo Erba under normal
atmosphere. Dry solvents, purchased from Carlo Erba, were non-stabilized and dried using a MB-
SPS-800 (MBraun) or PureSolv-MD-5 (Inert®). All reagents purchased from Sigma Aldrich™,
Thermo Fisher Scientific™ or ACROS Organics™ were used as received without further purification.
Sodium mercaptododecaborate (1°B) was purchased from Katchem™. Reactions were monitored by
thin-layer chromatography and RP-HPLC-MS. Analytical thin-layer chromatography was performed
with Merck 60 F254 silica gel (precoated sheets, 0.2 mm thick). Column chromatography was carried
out using silica gel (Sigma Aldrich; 40-63 pm 230-400 mesh 60A). Ion exchange was executed using
an Amberlite™ IRA410Cl ion-exchange resin.

(*H, "B, 1C, F)-NMR spectra were recorded at 298 or 343 K on Bruker 500 Avance III or 600
Avance III spectrometers. Chemical shifts are given relative to TMS ('H, 13C), BFs*Et20 (1'B, °B), CFCls
(*°F), and were referenced to the residual solvent signal. High resolution mass spectra (HR-MS) were
recorded on a Thermo LTQ Orbitrap XL ESIMS spectrometer. NMR and mass-analyses were
performed at the “Plateforme d’Analyse Chimique et de Synthese Moléculaire de 1'Université de
Bourgogne” (PACSMUB).

HPLC-MS analyses were obtained from a Thermo-Dionex Ultimate 3000 instrument (pump +
autosampler at 20 °C + column oven at 25 °C) equipped with a diode array detector (Thermo-Dionex
DAD 3000-RS) and a MSQ Plus single quadrupole mass spectrometer equipped with Phenomenex
Kinetex® column (2.6 um C18 100 A, LC Column 50 x 2.1 mm).

The employed gradient for analyses was as follows:

Time % H20 + 0.1% % ACN + 0.1% Flow
[min] formic acid formic acid [mL/min]
0 95 5 0.5
5 0 100 0.5
6.5 0 100 0.5
6.6 95 5 0.5
8.5 95 5 0.5
8.51 95 5 0.05

Table S1: HPLC analytical gradient.

Cells 2020, 9, 1953; d0i:10.3390/cells9091953 www.mdpi.com/journal/cells



32

33
34
35
36
37

38

39
40
41
42
43
44
45
46
47

48

49

50

51
52

53
54

55

Cells 2020, 9, 1953

2 0of 10

Semi-preparative separations were executed on a HPLC-system, from Shimadzu, that was
equipped with 2 LC-20AT pumps, a SPD-20A UV/Vis detector, a FRC-10A fraction collector, a SIL-
10AP sampler and a CBM-20A control unit. The column was a Shim-Pack GIST 5 pm C18 10x250 mm
column obtained from Shimadzu too. The gradient using a mixture of ACN and water with 0.1% TFA

and a flow rate of 5 mL/min was as follows:

Time % H20 + % ACN +
[min] 0.1 %TFA 0.1 %TFA
0 75 25
5 75 25
25 0 100
28 0 100
30 75 25
Table S2: Detailed of gradients.
Synthesis and characterization
Me,N NMe, = MeoN NMe2 Me,N
(2 eq) NMe,
O EtMgBr (2.2 eq) Mel (excess)
) N reflux, THF, 1 h 30 Y N r t., DCM, 15 min 16 CF;,COO
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Scheme S1: Synthetic pathways of aza-SWIR-BSH-01.

Aza-SWIR-01, aza-SWIR-02, and SWIR-WAZABY-01 were synthesized according to procedures,

we previously reported [1].
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e Compound SWIR-WAZABY-02:

© CeaHesBN7O6%* + 2CI-
M =1110.99 g.mol?

SWIR-WAZABY-02

Aza-SWIR-02 (250 mg, 0.3 mmo], 1 eq) was added in a 100 mL round bottom flask and dissolved
in a mixture of THF and water (50 mL / 8 mL). NaHCOs (137 mg; 1.6 mmol; 5.3 eq) and 4-
bromomethylbenzoic acid (144 mg; 0.7 mmol; 2.3 eq) were added successively. The resulting solution
was stirred at room temperature (RT) overnight and transferred to a separating funnel. Then, 90 mL
of Et20 and 90 mL of water were added and the two layers were separated. The aqueous layer was
washed with Et2O (6 x 60 mL) to remove the remaining traces of 4-bromomethylbenzoic acid. Then,
the aqueous layer was evaporated at 35 °C to 2/3th of the volume and 10 mL of HClaq (3M) were added
to precipitate the compound (via protonation of the carboxylate groups). The mixture was
centrifuged during 5 min at 6 000 RPM. The supernatant was removed and the sediment was
suspended in Et20 (15 mL) and centrifuged. The process was repeated 3 times and the solid was dried
under vacuum to give pure SWIR-WAZABY-02 as a crystalline dark powder (336 mg; 0.3 mmol; 94%
yield). 'TH NMR (500 MHz, 298 K, MeOD-d4) 6 (ppm) =2.88 (s, 12H), 3.35 (s, 12H), 3.83 (s, 6H), 3.98 (s,
4H), 4.28 (s, 4H), 7.16 (d, ] =9.0 Hz, 4H), 7.44 (d, ] = 8.2 Hz, 4H), 7.55 (s, 2H), 7.88 (d, ] = 9.0, 4H), 7.98
(d, ]=8.2 Hz, 4H), 8.33 (d, ] =9.0 Hz, 4H), 8.46 (d, ] = 9.0 Hz, 4H).*C NMR (125 MHz, 298 K, MeOD-
ds) 6 (ppm) = 48.0, 50.7, 52.1, 56.7, 57.5, 67.8, 89.6, 116.5, 123.1, 123.3, 125.8, 131.9, 132.2, 133.1, 133.6,
134.9,135.2,135.7,142.3, 145.1, 145.6, 160.2, 164.9, 169.2. "B NMR (193 MHz, 298K, MeOD-d4) 6 (ppm)
= -11.63 (bs). HR-MS (ESI): m/z calculated for 2Ces'Hes!'B14N716O¢* [M]** 519.75783 Th; found
519.75905 Th. Analytical HPLC: Tr = 4.50 min.
.an |
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Figure S1: Analytical HPLC of SWIR-WAZABY-02
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Figure S3: 3C NMR of SWIR-WAZABY-02 (125 MHz, 298 K, MeOD-d4)

e  Compound aza-SWIR-03:

Q
2 CF4C00
C76H78BN11082" + 2C2F30¢
9 M = 1510.37 g.mol.
H\/\Nﬁ °
m o
(0]

aza-SWIR-03

SWIR-WAZABY-02 (250 mg, 0.2 mmol, 1 eq) was dissolved in 10 mL of dry DMF. HBTU (208
mg; 0.5 mmol; 2.5 eq) solubilized in dry DMF (10 mL) was added to the reaction medium. DIPEA
(340 pL; 1.9 mmol; 9.5 eq) was then added and the reaction mixture was stirred at RT for 1 h. N-(2-
aminoethyl)maleimide hydrochloride (0.6 mg, 0.6 mmol, 3 eq) was solubilized in dry DMF (10 mL)
and added to the medium. The reaction mixture was stirred at RT overnight. The solvent was
removed at 45°C under vacuum. The crude was purified by semi-preparative HPLC to obtain aza-
SWIR-03 as a green solid (151 mg, 50 % yield). 'TH NMR (500 MHz, 298 K, DMSO-ds) d =2.74 (s, 12H),
3.07 (s, 12H), 3.40-3.43 (m, 8H), 3.73 (s, 6H), 3.92 (s, 4H), 4.16 (s, 4H), 6.86 (d, ] = 9.0 Hz, 4H), 7.00 (s,
4H), 7.06 (d, ] =9.0 Hz, 4H), 7.27 (s, 2H), 7.37 (d, ] = 8.0 Hz, 4H), 7.78 (d, ] = 8.0 Hz, 4H), 8.11 (d, ] =9.0
Hz, 4H), 8.30 (d, ] =9.0 Hz, 4H), 8.65 (t, | = 5.9 Hz, 2H). 3*C NMR (150 MHz, 298 K, DMSO-de¢) 6 (ppm)
=37.1,37.8,49.1,54.0, 55.4, 64.7, 86.7, 112.1, 112.8, 113.8, 114.7, 116.0, 116.7, 118.6, 119.8, 124.3, 127.6,
130.1, 130.5, 132.0, 132.5, 134.6, 136.0, 141.6, 142.1, 151.0, 155.9, 157.9, 158.1, 158.3, 158.6, 160.9, 165.6,
171.1. HR-MS (ESI): m/z calculated for 2C7!H7s!'B*#N11160s2+ [M]2* 641.80585 Th; found 641.80752 Th.
Analytical HPLC: Tr = 4.56 min.
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Aza-SWIR-03 (120 mg, 79 umol, 1 eq) was dissolved in 4 mL of ACN in a 10 mL round-bottom
flask. Sodium mercaptoundecahydrododecaborate (1°B) (42 mg; 166 umol; 2.1 eq) was added and the
reaction mixture was stirred overnight at 40 °C, leading to the formation of a precipitate. The mixture
was centrifuged during 5 min at 6 000 RPM. The supernatant was removed and the sediment was
suspended in ACN (15 mL), the process was repeated three times with ACN, once with DCM (15
mL), three time with Et2O (15 mL) and twice with pentane (15 mL) to obtain aza-SWIR-BSH-01 as a
green solid (62 mg, 54%). "H NMR* (500 MHz, 298 K, DMSO-ds) 6 = 1.03 (bs, 11H), 2.73-2.78 (m, 14H),
3.01 (dd, ] =8.3; 18.4 Hz, 2H), 3.07 (s, 12H), 3.46-3.56 (m, 4H), 3.58 (t, ] = 5.8 Hz, 2H), 3.62 (dd, |=8.3;
3.1 Hz, 1H), 3.73-3.74 (m, 6H), 3.90-3.97 (m, 2H), 4.17 (t, ] = 17.9 Hz, 4H), 6.85-6.89 (m, 4H), 6.99-7.00
(m, 2H), 7.07-7.09 (m, 4H), 7.26-7.28 (m, 2H), 7.36-7.39 (m, 4H), 7.76-7.82 (m, 4H), 8.10-8.13 (m, 4H),
8.30-8.33 (m, 4H), 8.43 (t, ] = 5.8 Hz, 1H), 8.64 (t, ] = 5.8 Hz, 1H). *C NMR (150 MHz, 343 K, DMSO-
ds) 6 (ppm) = 36.9, 37.0, 37.1, 37.5, 40.7, 40.8, 41.9, 41.9, 49.1, 49.1, 54.2, 54.3, 55.4, 55.4, 64.9, 64.9, 65.0,
86.2, 111.9, 111.9, 112.0, 113.6, 113.6, 113.6, 115.8, 115.8, 115.8, 119.7, 119.9, 124.1, 124.2, 124.2, 127 4,
127.5,127.5, 129.5, 129.6, 129.7, 129.8, 130.2, 130.2, 131.7, 131.7, 132.1, 132.1, 132.2, 132.2, 134.2, 136.1,
136.2, 136.3, 141.5, 142.0, 150.9, 151.0, 155.9, 156.0, 160.8, 160.8, 160.8, 165.5, 165.5, 165.6, 165.6, 170.7,
176.9, 178.5, 178.5. "B NMR (193 MHz, 343 K, DMSO-ds) 6 (ppm) = - 6.92 (bs), - 12.37 (bs), - 14.49 (s),
-15.44 (s), - 17.25 (bs). B NMR (64 MHz, 343 K, DMSO-d¢) 6 (ppm) = - 6.92 (bs), - 14.61 (s), - 15.52 (s).
HR-MS (ESI): m/z calculated for 2C76'Hoo''B1°B1214N111¢0Os3253Na»?* [M+2Na]?* 746.90622 Th; found
746.90811 Th. Analytical HPLC: Tr = 5.32 min. NMR spectra seems to indicate the presence of some
amounts of another product, while there is no sign of it on HPLC chromatogram.
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Figure S7: 'TH NMR of aza-SWIR-BSH-01 (500 MHz, 298 K, DMSO-ds).
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Discussion and perspectives

Our primary theranostic boron vector based on aza-BODIPYs, i.e. aza-SWIR-BSH-01,
demonstrated a great potential for BNCT application in preclinical tumor models. Yet, further
improvements of the aza-BODIPY/°B-BSH compound and the bioevaluation techniques are
required to address some encountered issues. In particular, water-solubility, and whole-body
imaging and quantification that are necessary for any potential clinical use.

Accordingly, our chemist colleagues modified aza-SWIR-BSH-01 synthesis leading to the
development of aza-SWIR-BSH-02 (Figure 75a), an aza-BODIPY/°B-BSH that is structurally similar
to aza-SWIR-BSH-01, except for a single modification of its free arm, necessary for the coupling
of a chelating group, and further improvement of water-solubility. Aza-SWIR-BSH-02 possessed
enhanced fluorescence properties as compared to aza-SWIR-BSH-01 (Figure 75b), which allowed
easier visualization in vitro (Figure 75c) and in vivo (Figure 75d), using microscopy and NIR-II
fluorescence imaging respectively. The imaging investigations confirmed the tumor accumulation
of the compound, similarly to previous experiments using the analog aza-SWIR-BSH-01.

b 60
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20

(RLU/pix/ms)

—@— aza-SWIR-BSH-01
aza-SWIR-BSH-02

Fluorescence Signal

10

0
0 100 200
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Before injection 2h

Figure 75: (a) Chemical structure of aza-SWIR-BSH-02, the purple box indicates the modified arm. (b) Quantification of aza-SWIR-
BSH-01 and aza-SWIR-BSH-02 fluorescence signal following their serial dilution in blood plasma. (c) Confocal images of U-87 MG
cells before and at certain time points following incubation with 10 uM of aza-SWIR-BSH-02. Aza-SWIR-BSH-02 is presented in red
and the nuclei are counterstained in blue. The scale bar represents 20 um. (d) NIR-I fluorescence images of mice bearing
subcutaneous U-87 MG tumors before and until 72 h post aza-SWIR-BSH-02 administration (200 uL of 600 uM).
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To assess the BNCT efficacy of aza-SWIR-BSH-02 under neutron field exposure, an in ovo U-87
MG tumor model was used. Compared to the in ovo workflow applied in the paper, the protocol
was modified to implant tumor cells on day 10 instead of day 7 (Figure 76a). This procedure
resulted in tumors of larger size and increased vasculature as compared to tumors implanted at
day 7 (Figure 76b,c). Three days following tumor cells implantation, aza-SWIR-BSH-02 was
incubated and its tumor accumulation was assessed using NIR-Il fluorescence imaging. The time
point 24 h was selected as the optimal time required for ideal aza-SWIR-BSH-02 tumor uptake
prior to neutron exposure (Figure 76d,e). Accordingly, the embryos were sacrificed at day 19
instead of day 16, and a 50 % reduction in tumor growth was achieved using aza-SWIR-BSH-02
compared to the 30% reduction attained by BSH (Figure 77d). These results demonstrated the
aza-SWIR-BSH-02 better anti-tumor effect compared to BSH.
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Figure 76: (a) New protocol for BNCT in ovo tumor model. (b) Quantification of tumor masses resected 4 or 9 days following their
implantation at day 7 or day 10. (c) Images revealing the differences in size and vasculature between tumors implanted at day 7
and those implanted at day 10. (d) NIR-II fluorescence images of U-87MG in ovo tumor before and until 48 h post-incubation with
aza-SWIR-BSH-02. (e) Quantification of aza-SWIR-BSH-02 fluorescence signal in U-87 MG in ovo tumors as a function of time.

Results are expressed as the mean of tumor fluorescence + S.D (n=3).
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In a clinical perspective, the aza-BODIPY/1°B-BSH compound was coupled to DOTA, a chelator for
indium and 1In in particular that can be detected by SPECT imaging, resulting in the synthesis of
aza-SWIR-BSH-03 (Figure 77a). This latter can provide an appropriate boron vector for human
BNCT application as it can be monitored and quantified using SPECT imaging. Due to time
restrictions, aza-SWIR-BSH-03 was only studied for its in ovo tumor accumulation and anti-tumor
effect post neutron exposure. Similar to aza-SWIR-BSH-02, 24 h was selected as the optimal time
required for tumor uptake prior to neutron irradiation (Figure 77b,c). It is important to note that
aza-SWIR-BSH-03 possessed a further improved fluorescence signal as compared to aza-SWIR-
BSH-02, using the same imaging settings (Figure 76e, Figure 77c). Additionally, a superior
reduction in tumor growth was observed using aza-SWIR-BSH-03 (-60 %), however, this
difference was not significant as compared to aza-SWIR-BHS-02 (Figure 77d).
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Figure 77: (a) Chemical structure of the bimodal theranostic compound aza-SWIR-BSH-03, the purple square indicates indium-
DOTA. (b) NIR-II fluorescence images of U-87MG in ovo tumor before and until 48 h post-incubation with aza-SWIR-BSH-03. (c)
Quantification of the aza-SWIR-BSH-03 fluorescence signal in U-87 MG in ovo tumors as a function of time. Results are expressed
as the mean of tumors fluorescence * S.D (n=3). (d) Tumor development was measured at day 19, i.e., 6 days after the addition of
the different compounds and 5 days following neutron irradiation.
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Considering these promising therapeutic results and the bimodal imaging properties of aza-SWIR-
BSH-03, further investigations of its in vivo distribution using fluorescence and SPECT imaging,
and additional assessment of its in vivo BNCT efficacy in rodents, will demonstrate its potential
for clinical application.
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General Conclusion

Along the thesis work, the first water-soluble aza-BODIPY emitting in the NIR-Il window was
developed from a library of aza-BODIPY derivatives. The aza-BODIPY tumor-targeting capacity
and primary safety were demonstrated in vivo in tumor-bearing mice. Its favorable tumor uptake
was attributed to its interaction with plasma lipoproteins, which act as vectors selectively
targeting the aza-BODIPY towards tumors overexpressing lipoprotein receptors. To target tumors
possessing low or absent lipoprotein receptors expression, coupling the aza-BODIPY to antibodies
enabled its specific vectorization in those tumors, which wasn’t the case using free aza-BODIPY.
These promising data provided a concrete base for a planned fluorescence-guided surgery (FGS)
proof of concept of the NIR-Il antibody bioconjugated aza-BODIPY as compared to gold standard
FGS fluorophores.

As the developed aza-BODIPY was able to accumulate strongly in lipoprotein receptor-expressing
tumors, we used this property to vectorize a small drug into those tumors for boron neutron
capture therapy application. Coupling the aza-BODIPY to clinically used sodium borocaptate
(BSH), permitted an enhanced tumor accumulation of BSH in vivo. After neutron exposure, the
complex aza-BODIPY/BSH induced a significant anti-tumor efficacy, compared to BSH alone.
Furthermore, the aza-BODIPY/BSH complex was visualized using fluorescence imaging in a
preclinical theranostic approach. These findings proved the efficacy of this compound in
preclinical tumor models. Yet, further adjustments of the water-solubility and the imaging
properties, by adding radioisotopes for nuclear imaging, will facilitate its potential clinical
translation. The quantification using nuclear imaging (PET/SPECT) is a crucial step. Additionally,
the aza-BODIPY multimodal imaging could be spread to other pathological situations beyond
oncology, including lipidemic disorders.

This thesis work presented a step-by-step workflow that required close collaboration between
the chemists and the biologists to achieve the compounds of interest. The deep collaboration
between chemists, biologists, and physicists is key in advancing cancer diagnostic and therapeutic
approaches.
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Résumé

L'imagerie de fluorescence dans le NIR-II (1000 — 17000 nm) s’est développée
depuis une vingtaine d’années. Avec une diffusion de photons limitée et une
autofluorescence des tissus diminuée, I'imagerie NIR-Il surpasse |'imagerie NIR-I
(700-900 nm), en fournissant des images in vivo plus nettes, et un rapport
signal/bruit amélioré. Depuis son émergence, plusieurs fluorophores NIR-II ont
été décrits, mais aucun d'entre eux n'est évalué en essais cliniques actuellement
en raison de leurs toxicités potentielles a long terme, de leurs faibles rendements
qguantiques ou de leurs faibles solubilités. Dans ce contexte, nous avons cherché a
concevoir et évaluer des fluorophores évitant ces piéges et présentant des
propriétés adaptées a I'imagerie tumorale NIR-Il. Un premier dérivé d’aza-BODIPY
soluble possédant des propriétés de fluorescence NIR-Il uniques a ainsi été
développé. Chez le rongeur, il présente une forte accumulation dans les
glioblastomes, sans toxicité, avec des ratios tumeur/muscle élevés: ces
propriétés lui conferent donc un grand potentiel pour I'application clinique.
L'étude de son mécanisme d’accumulation tumorale a démontré son interaction
avec les lipoprotéines de la circulation sanguine. Ces interactions améliorent les
propriétés de fluorescence de I'aza-BODIPY et lui assurent un transport spécifique
aux tumeurs surexprimant les récepteurs des lipoprotéines (LDLR et SR-B1). En
parallele, pour cibler les tumeurs possédant une faible expression de ces
récepteurs, telles que les tumeurs ovariennes HER2-positives, I'aza-BODIPY a été
couplé a un anticorps spécifique de HER, le Trastuzumab. Un ciblage sélectif des
tumeurs HER2 positives a été réalisé in vivo en utilisant Trastuzumab bioconjugué
aza-BODIPY fournissant ainsi une preuve de concept de la stratégie de
vectorisation développée pour le ciblage tumoral, quelle que soit I'expression des
récepteurs lipoprotéiques.

De par leur polyvalence et leurs propriétés d’accumulation tumorale, les aza-
BODIPYs ont également été utilisés pour transporter des atomes de bore vers les
tumeurs, en perspective a la thérapie par capture neutronique du bore (BNCT). La
BNCT est une modalité radiothérapeutique ciblée basée sur I'accumulation
sélective d'atomes de bore-10 dans les tissus tumoraux, suivie d'une exposition a
un flux de neutrons qui conduit a la destruction spécifique des cellules tumorales
chargées en bore. Il est actuellement nécessaire de développer de nouveaux
composés riches en bore possédant un profil de sécurité approprié, une
délivrance de bore sélective et adéquate, et des propriétés d'imagerie
intrinseques qui permettent sa quantification et une planification optimale du
protocole thérapeutique. A cette fin, nous avons développé un composé
théranostique basé sur le fluorophore aza-BODIPY couplé a un composé de bore
utilisé en clinique, a savoir le borocaptate de sodium (BSH). Le complexe aza-
BODIPY-BSH cible les tumeurs avec des ratios tumeur/muscle favorables a la
BNCT. Une réduction significative de la croissance tumorale in ovo a été mesurée
apres exposition aux neutrons, par rapport a la BSH seule, démontrant I'efficacité
du complexe aza-BODIPY-BSH dans des modéles tumoraux précliniques en BNCT.
De plus, ce composé peut étre modifié afin d’intégrer un radio-isotope
permettant sa visualisation et sa quantification par imagerie nucléaire (TEP ou
TEMP). Cette étape sera évaluée prochainement pour un potentiel transfert en
clinique.

De maniére générale, ces résultats ont démontré la grande polyvalence des aza-
BODIPYs et leur fort potentiel pour la chirurgie guidée par I'imagerie optique NIR-
II, et la thérapie par BNCT.

Mot-clé : Imagerie de fluorescence NIR-Il, Imagerie des cancers, BNCT, Thérapie
des cancers, aza-BODIPYs, composés théranostiques




Abstract

Twenty years ago, fluorescence imaging in the NIR-Il window (1000-1700 nm) has
emerged. Providing less photon scattering and diminished tissues
autofluorescence, NIR-Il imaging has surpassed NIR-I imaging (700-900 nm),
resulting in clearer images in vivo, with enhanced signal-to-noise ratio. Since its
emergence, several NIR-Il fluorophores have been reported, yet none of them
passed to clinical assessment due to long-term toxicities, low quantum vyields or
poor solubilities. In this context, we aimed to design and evaluate NIR-Il emitting
fluorophores avoiding these pitfalls and exhibiting suitable properties for NIR-II
tumor imaging in vivo. Accordingly, the first water-soluble aza-BODIPY possessing
unique NIR-Il fluorescence properties was developed. A favorable accumulation in
glioblastoma tumors was observed in rodents, with high tumor to muscle ratios
and no adverse events, presenting the aza-BODIPY great potential for clinical NIR-
Il tumor imaging application. Assessing the aza-BODIPY mechanism of tumor
uptake proved its interaction with lipoproteins in the blood circulation.
Lipoproteins enhanced the aza-BODIPY fluorescence properties, and acted as
trojan horses targeting the aza-BODIPY specifically towards tumors
overexpressing lipoproteins receptors. In parallel, to target tumors possessing low
lipoprotein receptors expression, as HER2-positive ovarian tumors, the aza-
BODIPY was coupled to HER-specific antibody i.e. Trastuzumab. A selective
targeting of HER2 positive tumors was achieved in vivo using Trastuzumab
bioconjugated aza-BODIPY, thus providing a proof of concept of the developed
vectorization strategy to target tumors regardless of their lipoprotein receptors
expression.

Considering the high versatility of the aza-BODIPYs, it was also used to carry
boron atoms to tumors, for Boron Neutron Capture Therapy (BNCT). BNCT
defines a targeted radiotherapeutic modality based on the sufficient and selective
boron-10 atoms accumulation in tumor tissues, followed by neutron field
exposure, that leads to specific destruction of boron-loaded tumor cells.
Regardless of BNCT clinical efficacy, there is a need for a boron-rich compound
possessing suitable safety profile, selective and adequate boron delivery, and
intrinsic imaging properties that allow its quantification and optimal planning of
neutron radiation dosing. To this end, we developed a theranostic boron
compound based on the aza-BODIPY fluorophore coupled to the clinically used
boron compound i.e. sodium borocaptate (BSH). The aza-BODIPY-BSH complex
targeted the tumors with BNCT favorable tumor to muscle ratios, as visualized by
fluorescence imaging. A significant reduction in tumor growth in ovo was
measured following neutron exposure as compared to BSH alone, demonstrating
the BNCT efficacy of aza-BODIPY-BSH complex in preclinical tumor models.
Coupling the aza-BODIPY-BSH compound to radioisotopes, that allow accurate
guantification, is currently under evaluation for potential human translation.

Altogether these findings demonstrated the high versatility of aza-BODIPY and its
great potential for clinical NIR-Il tumor imaging and BNCT application.

Keywords : NIR-Il fluorescence Imaging, Cancer imaging, BNCT, Cancer therapy,
aza-BODIPYs, Theranostic compounds




