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General introduction



Chapter 1

Cancer therapies

Abnormal and uncontrolled cell growth can occur in any part of the body, making cancer
treatment one of the greatest current challenges due to its variety of etiologies, locations,
molecular, and genetic features. Accordingly, therapies against cancer come in all shapes
and sizes. The mainstream therapeutic approaches are surgery, chemotherapy and
radiation therapy, alone or in combination. To illustrate this, as many as half of the cancer
patients receive radiotherapy at least once along the course of the disease [1]. These three
approaches have led to excellent clinical results for some early stage cancers, such as
breast, thyroid, cervical and testicular cancers, all of which present a 5-year relative
survival rate above 90% [2], highlighting the importance of early detection and diagnosis.
Despite being clinically successful in some cases, surgery is not always feasible and
radiation treatments and chemotherapy are accompanied by side effects that negatively
affect treatment tolerability and the patient’s quality of life [1].

The oncology landscape is continuously changing, and the list of main anticancer
approaches keeps expanding, now including two promising and effective newer
modalities known as immunotherapy and targeted therapy. The inclusion in routine
practice over the last decade of immune checkpoint inhibitors, a type of immunotherapy,
is accountable for the extension of countless lives in patients with a broad range of
malignancies, including melanoma, non-small cell lung cancer and renal cell carcinoma
[3,4]. These inhibitors are monoclonal antibodies (mAbs) that block negative immune
regulatory checkpoints on T cells, mainly the CTLA-4 and the PD-1 pathway, thus
unleashing antitumor immune responses. This type of immunotherapy has a better
toxicity profile than conventional treatments, with only immune-related mild adverse
effects. Unfortunately, the reality is that, for most approved indications, only a minority
of patients (10-25%) benefit from a durable response, while primary or acquired
resistance due to tumor heterogeneity is the norm [4]. The absence of a baseline immune
response in the so-called “cold tumors”, mainly the scarcity of tumor-infiltrating
lymphocytes, also poses a major hurdle for immunotherapies [5].

One desirable feature of anticancer therapies is selectivity towards tumor cells over
normal cells, hence largely sparing healthy tissue. Over the past two decades, the
discovery of oncogenes has prompted the development of a great number of targeted
cancer therapies [6]. This group of therapies exploits the genetic alterations in cancer cells
which lead to changes promoting growth and proliferation. An important pillar of these
targeted therapies are mAbs binding a surface antigen, thereby blocking signal
transduction and/or recruiting immune effectors [6]. Examples are the mAbs cetuximab
and trastuzumab, binding to the epidermal growth factor receptor (EGFR) and the human
epidermal growth factor receptor 2 (HER?2), respectively. Furthermore, mAbs can provide
specific delivery of a cytotoxic payload (e.g. chemotherapeutic drug) in the form of
antibody-drug conjugates [7]. Other agents commonly used in targeted therapy are small
molecules inhibiting growth signals or angiogenesis, such as the EGFR inhibitor gefitinib.
Despite the wide range of targeting molecules, targetable alterations in cancer cells are
very diverse, only present in a small subset of patients, and not always tumor-specific [5].
Furthermore, intratumor heterogeneity accounts for the development of resistance not
only in the case of immune checkpoint inhibitors, but also in the context of molecular
targeted therapies, posing thus the main limitation to the long-term success of these
therapies [8].

Each approach has its limitations and it has become evident that combination
therapies against multiple cancer hallmarks are preferable to achieve significant long-
term benefits beyond good clinical responses [5]. In this regard, combination strategies
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are being employed, such as chemotherapy or kinase inhibitors combined with immune
checkpoint blockade for the treatment of lung, breast, gastric and bladder cancer [4].
Combination of immune checkpoint inhibition and radiation therapy is also under
investigation in multiple clinical trials, in which radiotherapy may act as an immune
adjuvant and effects in untreated tumors have been observed [9]. Interestingly, this
adjuvant capacity has been described for chemotherapy as well [10]. Although
combination approaches are substantially improving the oncologic scenario, there exists
huge variation in survival rates depending on the cancer type (1-98%) [2]. Therefore,
numerous efforts are being put into new and distinct approaches, with great focus on
minimizing adverse effects and improving quality of life.

Photodynamic therapy

Bearing in mind the importance of sparing healthy tissues to reduce adverse effects and
improve the quality of life of cancer patients, photodynamic therapy (PDT) has emerged
as a minimally invasive and relatively more tumor-selective strategy. Already in 1978,
Thomas Dougherty, one of the pioneers of PDT, reported the effective treatment with
PDT of 111 carcinoma lesions in 25 patients who had not responded to conventional
therapy, including carcinomas of the breast, prostate and squamous cell, among others
[11]. These findings were instrumental for the clinical approval of PDT in 1993 for the
treatment of bladder cancer in Canada. Since then, its use has expanded to many other
oncological indications, including head and neck squamous cell carcinoma (HNSCC),
basal cell carcinoma, cutaneous T cell lymphoma and cancers of the esophagus, biliary
tract and lung [12], while numerous clinical trials are ongoing [13].

PDT achieves selectivity by making use of three elements that are harmless on their
own but become cytotoxic when combined: a light-activatable compound, so-called
photosensitizer (PS), light of the appropriate wavelength and molecular oxygen. A PS is
a molecule, commonly with porphyrin-based structure, which can absorb light of a
particular wavelength, usually in the visible and near-infrared spectrum (630-750 nm)
[14]. Absorption of light brings the PS to an excited state, which can transfer energy to
surrounding molecules. The main photochemical reaction thought to cause major cellular
damage is the direct reaction of the excited PS with ground state oxygen (*0z), resulting
in the formation of singlet oxygen (102) [15]. These highly reactive oxygen species (ROS)
and other ROS formed in the process (e.g. hydrogen peroxide and superoxide anion) can
subsequently damage cellular organelles by reacting with proteins, nucleic acids and
lipids. The fact that singlet oxygen is a short-lived species with an intracellular lifetime
of ~ 3 us and a radius of action ~ 150 nm from its point of production [16], renders PDT
controllable as the extent of the damage is limited to where the PS is localized in the
illuminated area.

PDT is performed as a two-step procedure that ensures the selectivity of the
approach [12,14]. First, the PS is administered (typically topical or intravenous) and
associates to all cells that encounters due to its relative hydrophobicity. Intravenously
administered PS also associates to serum proteins and with time (1 — 4 days) the PS is
mainly retained at the tumor tissue driven by the enhanced permeability and retention
effect. This effect is due to the increased extravasation of circulating molecules to the
tumor site through the leaky vasculature, and their impaired clearance due to the lack of
lymphatics [17]. After tumor disposition of the PS, the second step of the procedure takes
place, which involves the local illumination of the tumor to activate the PS uniquely in
the area of interest, causing local tissue damage. As such, the main antitumor mechanism
of PDT is the direct cytotoxicity of ROS on the malignant tumor cells, but also other PDT
effects are known to contribute to the antitumor effects.
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The therapeutic effect of PDT is also dependent on the inflicted damage to the
tumor-associated vasculature that occurs when circulating or bound PS is activated within
the tumor capillaries. This can lead to disrupted blood flow and/or blood coagulation,
resulting in tumor starvation and destruction [18]. In addition, an intriguing third
antitumor mechanism can be triggered by PDT, consisting of the development of host
antitumor immunity [19,20]. The PDT-induced oxidative stress leads to the upregulation
of pro-inflammatory molecules in tumor and stroma cells. An example of these are
damage-associated molecular patterns (DAMPs), intracellular molecules that when
exposed/released by dying cells can be recognized and lead to the activation and
maturation of innate immune cells, such as neutrophils, macrophages and dendritic cells.
These innate immune cells, recruited during the initial acute inflammation, can phagocyte
remaining tumor cells and, particularly dendritic cells, are specialized in tumor antigen
presentation to naive T cells, thereby triggering the adaptive arm of the immune response.
This aspect of PDT is not essential for the initial tumor destruction. However, under the
right circumstances, it can trigger systemic antitumor immunity to control metastasis, as
well as trigger immune memory to prevent recurrences, as evidenced in the clinic by
regression of tumor lesions outside the treated area [21,22]. The three antitumor
mechanisms triggered by PDT, ie. direct tumor cytotoxicity, tumor-associated
vasculature damage and antitumor immune responses, are illustrated in Figure 1.

) Light

ANTITUMOR ’T cells
RESPONSE Neutrophils
Macrophages

Figure 1 Antitumor mechanisms of PDT.

PDT has yielded good clinical responses together with good cosmetic outcome and
improved quality of life. For instance, early complete response rates can be about 90% in
nodular and superficial basal cell carcinoma and nearly 100% in early stage HNSCC
[12,23]. Nonetheless, PDT is still underutilized in the clinic, and several limiting factors
prevent its position beside other standard care treatments [12]. A significant problem of
most approved PSs is the prolonged skin photosensitivity caused by the slow clearance
of the PS deposited in the skin, forcing patients to avoid exposure to strong light for
days/weeks after treatment. Other drawbacks are the limited tissue penetration of light
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and the heterogeneous PS distribution through tumors [24], compromising the treatment
of large and deep tumors. In this regard, light in the near-infrared range presents the best
tissue penetrating capacity and novel photosensitizers tend to exploit this. Damage of
peripheral normal tissue is also a concern when utilizing PDT against large tumors.
Besides, hypoxic tumor areas also limit the therapeutic efficacy. The complex light
dosimetry and unintended usage of suboptimal PDT protocols are also a point of concern
[25].

Targeted photodynamic therapy

Attempts to improve the tumor-selectivity of PDT are ongoing, with the idea of improving
therapeutic efficacy as well as reducing side effects, including both off-target effects and
those related to high PS dosage. One interesting strategy is the use of targeting molecules
to deliver the PS to the cells of interest. In particular in the form of antibody-
photosensitizer conjugates, an approach referred to as photoimmunotherapy (PIT) and
first described in 1983 [26]. In this way, the selectivity achieved in a passive manner with
the conventional PDT approach, becomes now molecularly targeted. More recently, PIT
has evolved towards the use of water-soluble PSs, facilitating direct conjugation to the
mADb without the need of linkers and/or intermediary reactions [27]. Moreover, by using
water-soluble PSs, the chances of non-specific association are reduced because the PS
now fully depends on the mAb to associate to cells. The potency of PIT to induce direct
tumor cytotoxicity and even immune protection has been well-described in vitro [28,29]
and in mouse models [30-32], in which EGFR proves to be a promising target. In fact, a
conjugate consisting of the commercial anti-EGFR mAb cetuximab and the water-soluble
PS IRDye700DX is now under evaluation in a phase III clinical trial for the treatment of
HNSCC (NCT03769506). Of note, this PS has an absorption maximum in the near-
infrared spectrum (689 nm), thus increasing the depth of light penetration, and can be
used in parallel as a fluorescent tool for molecular cancer imaging. In PIT, the
pharmacokinetics of the PS are now guided by a relatively large mAb (~ 150 kDa). Such
amolecular size is accompanied by heterogeneous tumor distribution and long circulation
times (half-life of IgG1 ~ 30 days [33]), thus not improving the PS distribution throughout
the tumor, nor the prolonged photosensitivity post-treatment observed with conventional
PDT.

One step further in the journey to improve the conventional PDT approach is the
conjugation of the PS IRDye700DX to nanobodies (NBs), giving rise to nanobody-
targeted PDT (NB-PDT). NBs are the smallest naturally occurring antigen binding
domains which derive from the variable domain of heavy chain Abs, first discovered in
Camelids in 1993 [34]. The small size of nanobodies (~ 15 kDa) and high binding
affinities bring about advantages over their larger antibody counterparts, especially in the
context of PDT. For instance, a more rapid and homogeneous distribution throughout
tumors is reported for NBs in comparison to mAbs [35,36]. Over the last 7 years, the
potency and specificity of NB-PDT has been proven in vitro for a wide range of
membrane receptors, including EGFR [37], HER2 [38], hepatocyte growth factor
receptor (c-Met) [39], and the G protein-coupled receptor (GPCR) US28 [40]. In addition,
in mouse models, the induction of extensive tumor necrosis [41], significant tumor
regression [38], and damage to tumor-associated vasculature [42] have been described.
Contrary to PIT, nanobody-photosensitizer (NB-PS) conjugates present rapid renal
clearance and short serum half-life (~ 90 minutes), due to their small size [41,43].
Conjugates are thereby rapidly cleared from circulation when unbound, enabling faster
illumination after PS administration (1 — 2 hours) and potentially reducing the chances of
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photosensitivity. NB-PDT is so far a promising alternative which distinguishes itself from
current PDT approaches by a more favorable pharmacokinetic profile.

HNSCC and EGFR

HNSCC accounts for 90% of the cancers in the head and neck area and has one of the
highest incidences worldwide, becoming the sixth most common cancer [2]. HNSCC is a
remarkably heterogeneous disease arising from the squamous cells in the outer mucosa
layer, lining the throat, nasal and oral cavity. Next to heavy alcohol consumption and
tobacco use as risk factors, the human papillomavirus (HPV) and Epstein Barr Virus
(EBV) are linked with the development of this cancer as well [44]. Treatment of early
stage disease is relatively successful; however, at the moment of diagnosis, about half of
the patients already present locally advanced HNSCC, while around 10% of these present
metastasizing tumors [45]. Treatment consists mainly of chemoradiotherapy, preceded by
surgical resection when feasible [44]. Of note, this heavy use of multimodal approaches
profoundly impacts the quality of life of the patients. Overall, the five-year survival rate
for these patients is 40-50%, and for tumors of all stages [46]. Unfortunately, recurrence
occurs in around half of the patients and the prognosis is poor for those patients with
recurrent or metastatic HNSCC, with an overall survival of 10-13 months [45].

Broadening the therapeutic scenario, the anti-EGFR mAb cetuximab was approved
in combination with radiotherapy for the treatment of locally or regionally advanced
HNSCC in 2006. Currently, it is also being used as a single agent as well as in
combination with platinum-based chemotherapy for patients with recurrent or metastatic
HNSCC [47]. Immune checkpoint inhibitors have also proven valuable in the fight
against HNSCC. Their use was approved in 2016 for treatment of recurrent/metastatic
disease, especially in PD-L1 positive tumors [45,47]. Interestingly, research combining
both EGFR-targeting and immunotherapy is already underway [46]. Despite advances,
the 40-50% mortality rate for HNSCC has remained unchanged over the past decades,
illustrating the need for alternative and improved treatments and/or combinations.
Following the same trend as with mainstream chemoradiotherapy and surgery, PDT
yields excellent clinical outcome in early stage HNSCC, but treatment of advanced
tumors remains a challenge [12].

One well-characterized driver of molecular pathogenesis of HNSCC are alterations
in EGFR, also known as ErbB1 or HER1. This transmembrane tyrosine kinase receptor
is one of four receptors constituting the ErbB family and is the most frequently
overexpressed and/or activated in HNSCC. EGFR is highly expressed in epithelial cells
and, as such, overexpressed in up to 90% of HNSCC malignancies [48]. Besides EGF,
other autocrine ligands can also activate EGFR by binding to the extracellular region,
such as transforming growth factor alpha, amphiregulin and epiregulin. Upon ligand
binding, homodimerization of EGFR or heterodimerization with other ErbB family
members is induced, followed by cross-phosphorylation of the intracellular tyrosine
kinase domains and subsequent downstream signaling. Here, EGFR functions as an
upstream point activating signaling pathways which promote tumor progression, via the
control of cell proliferation, migration, survival and angiogenesis [49]. Therefore, it is
evident that abnormal activation of this receptor would lead to a malignant phenotype
and, indeed, its overexpression correlates with more aggressive disease and poor
prognosis [47]. EGFR is the more mature target to date in HNSCC, and cetuximab is so
far the only targeted therapy approved for its treatment. Nonetheless, intrinsic and
acquired resistance poses a major obstacle for long term responses. Other anti-EGFR
mADbs and kinase inhibitors are being investigated in clinical trials to treat HNSCC, but
clinical success is modest so far [44,49]. In the context of PDT, EGFR also seems to be a
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valuable target. PIT using cetuximab-IRDye700DX is currently in phase III for the
treatment of locoregional recurrent HNSCC in patients who have failed at least two lines
of therapy (NCT03769506). To date, PIT has yielded improved response rates over
standard of care therapies, in such a heavily pretreated population with recalcitrant disease
[50].

Translational approaches

The need for novel therapeutic options against cancer comes hand in hand with the testing
and development of more accurate and clinically relevant models. Preliminary toxicity,
efficacy and pharmacokinetics of any anticancer compound are always first examined in
vitro and in animal experiments. The broad use of immortalized tumor-derived cell lines
in the first steps of preclinical development is justified by the low-cost and simple
handling, but it is obvious that these genetically homogeneous cell lines fall behind
regarding physiological relevance [51]. The growth of cell lines in a 3D structure, either
in suspension or embedded in a matrix, adds one level of complexity which can more
precisely reflect a solid tumor mass, including nutrient and oxygen gradients and cell to
cell/matrix interactions [52]. However, tumor phenotype and heterogeneity, capillary
extravasation and systemic clearance are still not represented in these models. To better
represent tumor structure and phenotype, tumor organoids have emerged as 3D self-
organizing structures grown from patient-derived tumor tissue obtained by surgical
resections or biopsies [53]. These organoids grow in extracellular matrix gels, recapitulate
the morphologic, genetic and phenotypic features of the tumor tissue of origin and have
been successfully employed for drug screening and personalized medicine approaches
[53]. Additionally, organoids can also be grown from adjacent healthy tissue to enable
assessment of tumor-specific responses. Even though organoids are a phenocopy of the
original tumor, the interface with the surrounding vasculature and stroma, as well as
normal mechanical cues are still lacking. These features are reproduced, to some extent,
in the more recent technology known as microfluidic organs-on-chips [54]. Using a
multichannel microfluidic cell culture chip, patient-derived tumor cells can be grown
lined by normal cells from the same primary organ, while sustaining vascular perfusion.
As with organoids, this technology can be utilized to advance personalized medicine.

It is clear that in vitro tumor models have gained in complexity, but animal
experimentation is always a step in the further development of promising therapies. A
major experimental tool is the mouse xenograft model, consisting of injection of human
tumor cell lines or primary patient-derived tumor tissue into immunocompromised mice,
predominantly subcutaneously, thus in an ectopic manner that does not reproduce the
tissue-specific microenvironment [55,56]. This aspect is improved in orthotopic models
in which the tumor is xenografted at the same organ from which the original tumor
derives, better mimicking tumor growth and metastasis. Alternatively, tumors can be
induced by a carcinogen, genetic engineering or injection of murine tumor cells in
immunocompetent mice [56], offering a more suitable platform for investigating
immunomodulatory therapies, as PDT has proven to be. Still, all these animal models are
limited in their mirroring of the intricate human carcinogenesis and physiology, thus often
failing to reproduce metastasis, host immunity, or development of treatment resistance.
In addition, their utility is hindered by the critical genetic, molecular, cellular and
immunologic differences between species [57]. Although these models are still useful to
assess the extent of antitumor effect of the approach, promising preclinical approaches
generally fail when translated to human trials. Particularly for cancer research, the success
rate of translation from animal studies to clinical use is as little as 3.4%, the lowest among
therapeutic disciplines [57,58].
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Concerning tumor microenvironment, from the simplistic 2D cell culture to
complex mouse models, all approaches have their limitations. Moreover, with the recent
advent of immunomodulatory therapies, models which more faithfully reproduce the
human immunological features are of paramount importance. The discipline of
comparative oncology includes the evaluation of promising anticancer strategies in
companion animals with naturally occurring tumors, with the idea of translating to human
cancer patients [59]. By nature, this is a win-win scenario, in which better therapeutic
options can arise for both veterinary and human patients. The study of these spontaneous
cancers in animals with intact immunity exposed to the same environmental factors as
humans is of remarkable translational significance. One benefit of this approach is that
the shorter lifespan of companion animals allows rapid data collection. Moreover, the
lack of standard of care options for these animals presents the opportunity of, within
reason, initiating therapeutic trials at any point in non-pretreated populations, which is
usually not the case for human patients [60]. Several cancer types in companion animals
are considered as relevant models of the multifaceted human malignancies. These exhibit
great clinical and molecular similarities to the human counterparts, including the
heterogeneity of the disease, interactions between tumor and immune cells, development
of treatment resistance, metastasis and clinical outcome. Examples of these natural
occurring models are canine and feline mammary carcinoma [60,61], canine melanoma
[62], canine brain tumors [63], canine osteosarcoma [64], canine bladder cancer [65] and
feline oral squamous cell carcinoma [66]. The possibility of helping these animals with
generally otherwise poor outcomes and the knowledge gained to ensure human patients
are given treatments likely to succeed, highlight the value of assessing new strategies in
the veterinary clinic.

Scope of the thesis

This thesis focuses on positioning NB-PDT one step closer to the clinic, particularly
towards the use of EGFR-targeted NB-PDT to treat HNSCC. To achieve this, three
aspects were mainly investigated: the NB format that yields rapid and homogeneous
tumor accumulation, the use of clinically relevant in vitro HNSCC models of the human
and feline malignancy to facilitate transition, and the immune responses as part of the
antitumor effects of NB-PDT which can be determinant for clinical success of the
treatment.

In Chapter 2, the effect that specificity and molecular size have on the tumor
uptake and distribution of NBs, compared to mAbs, was assessed in 3D spheroids, and
further studied in mice with different NB formats. Moving towards the field of targeted
PDT and the use of clinically relevant 3D models, Chapter 3 explores the use EGFR-
targeting NB-PS and mAb-PS conjugates for PDT in organoids grown from both HNSCC
patient material and correspondent adjacent normal tissue. NB-PDT has already proven
selective and potent in HNSCC cell lines as well as in an orthotopic mouse model of oral
carcinoma, but the use of patient-derived organoids gives a better idea of the likelihood
of NB-PDT to be successful in the clinical setting, especially regarding clinically relevant
target expression levels. With this goal of clinical translation of NB-PDT in mind,
Chapter 4 presents an overview of the most well-characterized canine and feline
spontaneous solid cancers and main targetable molecules, to aid the development of
targeted therapies with reasonable translation potential for the human counterpart
malignancy. In this context, efforts were put in the development of a NB-PS conjugate
for the treatment of cats with oral squamous cell carcinoma (OSCC), a naturally occurring
model of HNSCC. This is presented in Chapter 5, where an EGFR-targeting, species
cross-reactive NB-PS conjugate was characterized and its potency and selectivity for NB-
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PDT evaluated on feline OSCC cell lines. Also relevant for clinical translation is the
understanding of the antitumor immune responses triggered by PDT, which can be
determinant for the long-term success of the treatment. As such, Chapter 6 reviews the
available preclinical and clinical evidence of antitumor immunity post-PDT. Insights are
given on the possible combination therapies to exploit this aspect of PDT and
recommendations are given to aid further understanding of these events in the clinical
setting. Chapter 7 follows on this in the context of NB-PDT, where the first signs of
immune stimulation after NB-PDT were investigated in vitro, including the release of
DAMPs and cytokines, followed by dendritic cell maturation and T cell activation. Lastly,
in Chapter 8, the findings of this thesis are summarized and future perspectives regarding
NB-PDT are discussed.
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Abstract

Recent studies have shown rapid accumulation of nanobodies (NBs) in tumors and fast
clearance of the unbound fraction, making NBs exceptional tracers for cancer imaging.
In this study, we investigate the combination of in vitro imaging of tumor spheroids, in
vivo dual-isotope single-photon emission computed tomography (SPECT), and ex vivo
autoradiographic analysis of tumors to efficiently, and with few mice, assess the tumor
uptake and distribution of different NBs. The irrelevant NB R2 (16 kDa) and the EGFR-
targeted NBs 7D12 (16 kDa) and 7D12-R2 (32 kDa) were investigated. Confocal
microscopy was used to study the penetration of the NBs into A431 tumor spheroids over
time, using the anti-EGFR monoclonal antibody (mAb) cetuximab (150 kDa) as a
reference. Dual-isotope ['!'In]DOTA-NB/[!”’Lu]DOTA-NB SPECT was used for
longitudinal imaging of multiple tracers in the same animal bearing A431 tumor
xenografts. Tumor sections were analyzed using autoradiography. No binding of the
irrelevant NB was observed in spheroids, whereas for the specific tracers an increase in
the spheroid’s covered area was observed over time. The NB 7D12 saturated the spheroid
earlier than the larger, 7D12-R2. Even slower penetration was observed for the large
mAb. In vivo, the tumor uptake of 7D12 was 19-fold higher than R2 after co-injection in
the same animal, and 2.5-fold higher than 7D12-R2 when co-injected. 7D12-R2 was
mainly localized at the rim of tumors, while 7D12 was found to be more evenly
distributed. This study demonstrates that the combination of imaging of tumor spheroids,
dual-isotope SPECT, and autoradiography of tumors is effective in comparing tumor
uptake and distribution of different NBs. Results were in agreement with published data,
highlighting the value of monomeric NBs for tumor imaging, and re-enforcing the value
of these techniques to accurately assess the most optimal format for tumor imaging. This
combination of techniques requires a lower number of animals to obtain significant data
and can accelerate the design of novel tracers.
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Introduction

The discovery and design of new molecular imaging tracers are of great importance for
early detection and diagnosis of cancer. Therefore, a wide range of tumor specific tracers
have been developed for the imaging of solid tumors. Besides the metabolic positron
emission tomography (PET) tracer 2-deoxy-2-[18F]fluoro-D-glucose, proteins that bind
to different tumor antigens are commonly used in the clinic for cancer imaging, and can
vary in size by at least two orders of magnitude (100-102 nm) [1,2]. In particular,
monoclonal antibodies (mAbs, 150 kDa) are the most frequently used in the clinic [3].
However, mAbs are not ideal for tumor imaging due to long time intervals between tracer
administration and imaging, and limited and heterogeneous distribution of the mAb inside
tumors [4]. Molecular size is one of the well-recognized factors affecting tumor uptake
and distribution [5]. Thus, many efforts have been made to develop smaller tracers to
allow more rapid imaging and to reduce the radioactive burden for patients in case of
nuclear imaging. Among antibody fragments, nanobodies (NBs, 16 kDa) have emerged
as an attractive alternative format for molecular imaging. NBs consist of the variable
region of the heavy-chain antibodies found in camelids and cartilaginous fish [6]. Fast
penetration and homogeneous distribution into tumors, as well as high-contrast imaging
rapidly after NB injection, are some of the advantages of using NBs for imaging purposes
[7,8]. In fact, clinical evaluation of NBs for PET imaging has thus far been encouraging
[9].

Developing a nuclear tracer for the clinic requires in vitro characterization of the
tracer, followed by in vivo assessment of its biodistribution and tumor targeting
properties. To aid and accelerate this process, efforts are being made in order to develop
in vitro and in vivo models, as well as imaging techniques for the preclinical setting [10].
One of such in vitro models is spheroids three-dimensional (3D) cell cultures. In this
model, cell to cell contact and interactions are maintained in all three dimensions in order
to grow and resemble an in vivo tumor. In contrast to the commonly used 2D cultures,
these spheroids simulate the in vivo tumor environment and maintain most of the
characteristics present in tumors [11]. Advances in imaging techniques also aid the
development of imaging tracers. Dual-isotope single-photon emission computed
tomography (SPECT) is a non-invasive imaging strategy used in several medical fields,
such as cardiology [12] and neurology [13]. This imaging technique allows distinction of
radiolabeled compounds both in space and over time, making possible the simultaneous
detection of multiple tracers in a single subject. Importantly, dual-isotope indium-
111/lutetium-177 SPECT has been already used as a tool to evaluate small peptide tracers
in the preclinical setting [14], and its use is extended to the NB field in the present study.

In this study, we investigate the use of in vitro 3D tumor spheroid models in
combination with in vivo dual-isotope SPECT imaging, and ex vivo autoradiographic
analysis of tumors, to efficiently assess the tumor uptake and distribution of different NB
formats, while using a reduced number of animals. First, we have compared the irrelevant
NB R2 (16 kDa), raised against the azo-dye Reactive Red, with the EGFR-targeted
monomeric NB 7D12 (16 kDa), to assess the effect of binding specificity on tumor
uptake. Thereafter, we have compared the tumor uptake and distribution of 7D12 with
the dimeric NB 7D12-R2 (32 kDa), which has similar binding affinity to EGFR but with
twice the molecular weight. This study demonstrates that this combination of in vitro, in
vivo, and ex vivo imaging techniques is effective in evaluating the tumor uptake and
distribution of the different NB formats, further encouraging the use of the monomeric
format as a tracer for imaging of solid tumors.
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Materials and Methods

Cell Culture and Spheroid Formation

The A431 cell line (epidermoid carcinoma) was purchased from the American Type
Culture Collection (ATCC) and cultured in high-glucose Dulbecco’s Modified Eagle’s
Medium (Lonza) supplemented with 10 % fetal calf serum (GE Healthcare), 100 pg/ml
streptomycin, and 100 U/ml penicillin (Invitrogen). To grow spheroids, the wells of an 8-
well plate (Nunc Lab-Tek II Chambered Slide 8-wells plates; Thermo Scientific) were
coated with a thin layer of Matrigel (Corning) and incubated at 37 °C for 20 min to allow
polymerization. A suspension of 20,000 cells was added per well and incubated at 37 °C
for 1 week. The medium was refreshed every other day.

In Vivo Studies

Six-to-nine weeks old Balb/C nude female mice were purchased from Charles Rivers.
A431 cells (2 x 106 cell/100 pl sterile PBS) were subcutaneously injected in the left
shoulder of the mice. When tumors reached a size of 100-300 mm3, mice were used for
imaging or biodistribution studies. The animal welfare committee of the Maastricht
University (The Netherlands) approved all animal studies. Experiments were performed
according to the U.S. National Institutes of Health principles of laboratory animal care
and the Dutch national law “Wet op de Dierproeven” (Std 1985, 336).

Proteins and Labeling

NBs R2 and 7D12 have been previously described [15,16]. The dimeric NB 7D12-R2
consists of these two NBs connected by a linker of 10 amino acids, being 7D12 the only
EGFR binding unit. All NBs were produced and purified as previously described [17].
Cetuximab was purchased from Merck.

For in vitro studies, proteins were conjugated to the fluorophore Alexa Fluor 647
NHS ester (Life Technologies), purified, and analyzed by SDS-PAGE as described in
[16] for the photosensitizer IRDye700DX, except that the labeling reaction took place for
1.5 h. The concentration of the final conjugate and degree of labeling were calculated by
measuring absorbance at 280 and 689 nm, as described in the manufacturer’s manual.

For in vivo studies, NBs were conjugated to 5 eq p-SCN-Bn-DOTA (Macrocyclics)
in DMSO. The reaction was carried out for 30 min at 37 °C at pH 9. PD-10 columns (5
kDa MWCO, GE Healthcare) were used to purify the DOTA-NB conjugates. The
concentration of each conjugate in PBS was measured by UV at 280 nm (NanoDrop,
Thermo Fisher) or with a BCA assay (Thermo Fisher). The DOTA-NB conjugates were
analyzed by SDS-PAGE on 12.5 % homogeneous gels under non-reducing conditions.
The conjugates were radiolabeled with ['''Tn]C13 or ['""Lu]CI3 (Mallinckrodt and Perkin
Elmer, respectively), in 0.2 M HEPES pH or 0.2 M ammonium acetate pH 5.5,
respectively. The mixtures were incubated for 1 h at 37 °C followed by a DTPA challenge,
to remove loosely bound radiometal, and size exclusion purification (Zeba desalting
cartridges, 7 kDa MWCO, Thermo Fisher). Labeling yields were determined by radio-
TLC using a phosphor imager (FLA-7000, Fujifilm). Aliquots of the labeling mixtures
were applied on TLC-SG strips (Varian Inc.) which were eluted with 200 mM EDTA in
saline. In these conditions, the radiolabeled NB remains at the origin while free In-111 or
Lu-177 migrates with a 0.9 Rf. In order to adjust the specific activity, the radiolabeled
NBs were mixed with the respective unlabeled NB. For in vivo studies, radiolabeled NBs
were added with gentisic acid to a 5 mg/ml final concentration to protect the conjugates
from radiolysis.
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Binding Affinity of Labeled Proteins

The apparent binding affinity of the labeled tracers was assessed with A431 cells as
previously described [16]. Briefly, cells in 96-well plates were incubated for 2 h at 4 °C
with a concentration range of NBs in DMEM (without phenol red, and with 25 mM Hepes
and 1 % BSA, pH 7.2). After washing off unbound NBs, plates were scanned with the
Odyssey scanner at 700 nm in the case of the Alexa 647-labeled proteins. For the
radiolabeled tracers, the content of the wells was finally dissolved in 0.5 % SDS, buffered
and radioactivity measured in a y-counter (Wizard 1480, Perkin Elmer) using a dual-
isotope protocol with cross-contamination correction. Apparent affinity (KD) was
calculated with GraphPad Prism 7.

Fluorescence Confocal Microscopy

Spheroids were incubated with 25 nM of Alexa 647-labeled tracers for different time
intervals at 37 °C. After each incubation time, unbound conjugate was washed away and
spheroids were fixed in 4 % paraformaldehyde (Merck). Background fluorescence was
quenched with 100 mM glycine (Sigma—Aldrich) and spheroids were permeabilized using
0.5 % Triton X-100 (Sigma—Aldrich). Staining of the nuclei was performed with DAPI
(Roche). In some cases, F-actin was stained with phalloidin-488 (Thermo Fisher). Finally,
the slides were mounted with SlowFade Gold (Invitrogen). Imaging was performed using
a confocal laser scanning microscope LSM700 (Carl Zeiss Microscopy GmbH) with a
x 40 oil objective (EC Plan-NeoFluar x 40/1.3 Oil DIC). Pictures of spheroids were taken
through the middle z-stack section.

Confocal images were analyzed with the Image J software. The plugin Radial
Profile was used to obtain the profile of fluorescence intensity of Alexa 647 along the
radius of the spheroid. This profile was adjusted to the radius of the spheroid since overall
the radii varied only + 12.5 pm. Data were normalized and depicted as the fluorescence
intensity from the rim to the core of the spheroid using GraphPad Prism 7. Profile plots
display the fluorescence intensity profile of one representative spheroid per time point.
The area under the curve (AUC) was calculated from the fluorescence profiles and plotted
against time. A minimum of eight spheroids from at least two independent experiments
were analyzed per time point.

In Vivo SPECT/CT Imaging and Ex Vivo Biodistribution Studies

Imaging studies were performed with groups of four A431 tumor-bearing mice injected
with ['"'In]DOTA-7D12 (ca. 10 MBg/100 pl), ['!'In]DOTA-7D12/['7"Lu]DOTA-7D12,
[""In]DOTA-7D12/['"Lu]DOTA-R2, or ['"In]DOTA-7D12/['"Lu]DOTA-7D12-R2
(ca. 10 MBq In-111 and 40 MBq Lu-177 combined in 100 pl). All mice received a similar
dose of NB (ca. 0.16 umol/kg total NB dose). For imaging studies, the animals were
anesthetized with isoflurane and imaging started right after injection of labeled NBs.
Imaging was performed with a small-animal SPECT/CT scanner (NanoSPECT, Bioscan)
equipped with four detectors and converging nine-pinhole collimators (1.4 mm pinhole
diameter, 1 mm resolution). Windows of a relative peak width of 10 % were positioned
around 171 and 245 keV for In-111, and 208 keV for Lu-177. In total 180 projections
were acquired over three rotations. Immediately after imaging (ca. 3 h post injection), the
animals were euthanized, tissues and organs of interest were collected, and radiation was
quantified with a y-counter. The collected samples included blood, tumor, heart, lung,
liver, spleen, pancreas, kidneys, bladder, intestines, muscle, femur, and brain. Because of
the upper detection limit of the y-counter, only half of each tumor and one middle slice
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from the kidneys were quantified. The other half of the tumor was snap frozen and used
for digital autoradiography.

One group of tumor-bearing mice was injected with a similar dose of [!''In]DOTA-
7D12/["""Lu]DOTA-7D12 (ca. 0.16 pmol/kg total NB) labeled at a lower molar activity
(2.5 MBq for In-111 and 10 MBq for Lu-177 combined in 100 pl, injected in awake mice)
and was euthanized 1 h post-injection. The animals were dissected and organs and tissues
of interest were harvested and measured in a y-counter.

SPECT/CT Image Reconstitution

SPECT images were reconstructed using HiSpect software (SciVis) with an ordered
subset expectation maximization (OSEM) iterative reconstruction algorithm. CT images
were reconstructed using an exact cone beam FPB algorithm with a Shepp Logan filter
(100 %). SPECT and CT images were fused in InVivoScope (BioScan). CT images were
used to select regions of interest in muscle, liver, and bone. For tumor and kidney, regions
were selected based on the 75 % threshold value of the maximum intensity pixel values
per each organ.

Autoradiographic B-Imaging

Frozen tumor sections of 10 pm were mounted on microscopy slides, thawed, covered
with scintillation foil, and imaged with a BetalMAGER DFine (Biospace Lab).
Radioactive signal was separated based on decay-rates and scaling was adjusted to match
the difference in B-particle emission of In-111 to Lu-177. Analysis and quantification of
the images were performed with M3Vision (Biospace Lab). At least two images were
quantified per each tumor.

Statistical Analysis

In vitro data were analyzed with GraphPad Prism 7 using one-way ANOVA with Tukey
post-hoc test to compare between groups. For the in vivo data, significance between tumor
or kidney uptake of different groups was calculated with a 2-tailed t test or one-way
ANOVA. A value of p<0.05 was considered significant. Statistical significance was
depicted as *p <0.05, **p <0.01, ***p <0.001, and ****p <0.0001.

Results

Alexa 647-Labeled Proteins

The degree of labeling (DOL) for the anti-EGFR NBs 7D12 and 7D12-R2 was 0.55. In
the case of cetuximab and R2, the DOL was 1.44 and 0.3 respectively. The remaining
free fluorophore in the protein conjugate was in all cases less than 10 %. All conjugates
were first analyzed by SDS-PAGE to verify the purity and molecular size, and their
binding affinity was assessed on monolayer cell cultures (Figure Sla,b). The KD of the
EGFR-targeted tracers remained in the low nanomolar range and was comparable to the
unconjugated counterparts [17,18] (Figure Sle). Importantly, the binding affinity of 7D12
and 7D12-R2 was similar, while R2 did not show a specific binding to A431 cells.

Penetration and Distribution of Proteins into Tumor Spheroids

A431 spheroids showed progressive growth over time and consisted of a compact mass
of cells with cortical actin distribution (Figure 1a). After more than 10 days in culture,
the integrity of the spheroids was compromised, yielding empty spaces of different sizes.
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Therefore, during our experiments, we used 7-days-old tumor spheroids with a diameter
of 150-200 um.

The bound EGFR-targeted NBs were observed deeper into spheroids over time, as
indicated by the clear fluorescent signal on the cell membrane (Figure 1b). In contrast,
the irrelevant NB R2 could not be detected inside the spheroids at any time point.
Fluorescence signal of 7D12 and 7D12-R2 was detected in the core of spheroids as early
as 15 min after tracer addition, and this signal increased over time until reaching the same
values as at the rim after 2 and 4 h, respectively (Figure 1b,c). The area under the curve
(AUC) was determined from the fluorescence profiles of the tracers along the radius of
the spheroids and plotted over time (Figure 1d). Some delay in tumor accumulation was
observed for the dimeric 7D12-R2 tracer when compared with the monomeric 7D12
(Figure 1c,d), while a more apparent delay was seen for cetuximab, which started to be
observed in the core only after 3 h (Figure 1c). The delay of the mAb is more clearly
visualized by the small slope of the spheroid coverage over time (Figure 1d).

Radiolabeled Proteins

The In-111 or Lu-177 labeling yield was comparable for all NBs, reaching more than 80
% incorporation of In-111 or Lu-177 in all cases. After size exclusion purification, all
tracers presented less than 5 % free radiometal. Labeled NBs were analyzed on SDS-
PAGE gel for their size and their apparent affinities were assessed by binding assays on
monolayer cell cultures (Figure S1c,d). The apparent affinity of the NBs remained in the
low nanomolar range after radiolabeling (Figure Sle). No specific binding to cells was
observed for radiolabeled R2. The fact that molecular size and binding affinity remain
comparable for each particular NB, regardless of the fluorophore/isotope, suggests no
detrimental effect of the different conjugations on binding properties, though direct
comparisons between in vitro and in vivo data should be made carefully. Importantly, the
main comparisons to be made are between the pairs of NBs that are subjected to the same
labeling.

Testing of Dual-Isotope SPECT and Comparison with Ex Vivo Biodistribution

Tumor uptake of the NB 7D12 was clearly visible at 1 and 3 h post-injection in mice
injected with the single-isotope [!''In]DOTA-7D12 or with the combination of In-111 or
Lu-177 radiolabeled 7D12, showing no differences along time (Figure 2a).
Biodistribution of the tracers was determined both by SPECT imaging and by y-counting
of the respective organs (Figure 2b). Both techniques revealed a similar tumor uptake of
the differently radiolabeled 7D12 over time, thus confirming that the distribution is not
influenced by the radiolabel. A strong correlation was found for the uptake values in all
examined organs measured by single and dual-isotope SPECT (R2=10.97 for In-111 and
R2=0.97 for Lu-177). Apart from the tumors, radioactivity uptake of both tracers was
mainly observed in the kidneys (Figure 2b). Only there, differences were observed as the
uptake for the dual-isotope group, detected by both SPECT imaging and y-counting, was
consistently higher than the single-isotope group. These differences may arise from the
presence of crosstalk effects, particularly of Lu-177 in the acquisition window of In-111.
Furthermore, metal chelates can have different renal clearance or uptake since these are
also degraded in the kidney, and therefore different metal chelates can behave
significantly different.
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Figure 1 Penetration and distribution of labeled proteins into tumor spheroids over time. (a) The
growth of A431 spheroids was monitored over 10 days by taking confocal images at the middle
section of spheroids. The spheroids were visualized by staining the nucleus of the cells with DAPI
(blue) and the F-actin filaments with phalloidin-488 (green). (b) Confocal images of spheroids
that were fixed after incubation with the Alexa 647-labeled proteins R2, 7D12, 7D12-R2, and
cetuximab at defined time points (binding shown in red). In the case of R2, no Alexa 647 signal
was detected bound to cells and, therefore, DAPI images of the same spheroids are shown instead,
to depict the integrity of the spheroids. All images were linearly adjusted to the same level of
contrast. Scale bar, 100 um. (c) The fluorescence signal along the radius of spheroids was
quantified from confocal images and displayed from the rim to the center of the spheroid. Graphs
show one representative profile per time point and tracer. (d) The area under the curve of the
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fluorescence profiles was calculated and plotted against time as an estimation of the protein
penetration into the spheroids in time. Statistical significance of the observed differences between
each group and the 7D12 group was determined for the 2 h time point (mean + SD). *p <0.05;
*ikEp <0.0001.

(a)

¢
W

In-111/Lu-177 In-111/Lu-177

overlay

["In]DOTA-7D12 overlay

—
(=}
~r

Dual-isotope SPECT

Y - counting

!

< o & 5 & @ 2 & i
O 9 X
& LT & OQ’*;\\%O & $

O
NP
R &S

\06\0(\05
QS ¥V

|-[”1In]DOTA-7D12(single-isotope) I[™In]DOTA-7D12 (dual-isotope) m[‘77Lu]DOTA-7D12(dual-isotope)‘

Figure 2 Effect of radionuclide on imaging and biodistribution. (a) SPECT/CT coronal images
of A431 tumor bearing mice 1 h after injection of ['''In]DOTA-7D12 (left) and 3 h after injection
of ['"In]DOTA-7D12/['""Lu]DOTA-7D12 (right). In-111 signal and Lu-177 signal were merged
with CT images. Tumor location is indicated by arrows. (b) Biodistribution data obtained by
single and dual-isotope SPECT imaging and y-counting 1 h and 3 h after injection of
[""In]DOTA-7D12 or ['"In]DOTA-7D12/["Lu]DOTA-7D12. Statistical significance of the
observed differences between the kidney uptake of each dual-isotope group and the single-isotope
group was determined (mean + SD). *p <0.05, **p <0.01, ***p <0.001, and ****p <0.0001.
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Effect of Binding Specificity and of Tracer Molecular Size on Tumor Uptake and
Biodistribution

Tumor uptake was determined by both SPECT imaging and y-counting after 1 and 3 h
after tracer injection (Figure 3a, Figure S2a). The biodistribution of 7D12 was similar in
all imaged animals for both time points. As calculated from SPECT imaging after 1 and
3 h, 7D12 presented a 19-fold higher tumor uptake than R2 after co-injection, whereas
the examined organs showed a ratio close to 1 (Figure 3b, Figure S2b). When
[!"In]DOTA-7D12 and [!""Lu]DOTA-7D12-R2 were co-injected, tumor uptake was 2.5-
fold higher for the monomeric NB 7D12, both after 1 and 3 h, as measured by SPECT
imaging. Importantly, SPECT imaging also showed a 2—3 times higher liver uptake of
7D12-R2 than 7D12. In addition, also the y-counting results of blood and other organs
(heart, pancreas, muscle, and lung) showed higher 7D12-R2 levels than 7D12 (Figure 3a).
In general, y-counting and SPECT data were strongly correlated (Figure S3), showing
that a smaller tracer results in higher tumor uptake with lower background.
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Figure 3 Biodistribution of NB couples. (a) Biodistribution data from SPECT imaging and -
counting 1h after injection of [''In]DOTA-7D12/[""Lu]DOTA-7D12, ["'In]DOTA-
7D12/[""Lu]DOTA-R2, or ['''In]DOTA-7D12/['""Lu]DOTA-7D12-R2 in tumor-bearing mice
(n=4). Statistical significance of the observed differences between the tumor uptake of each NB
was determined (mean + SD). **p<0.01 and ****p<0.0001.(b) Ratios [''In]DOTA-
NB/['""Lu]DOTA-NB calculated from SPECT and y-counting biodistribution data (mean + SD).
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Effect of Binding Specificity and of Tracer Molecular Size on Distribution Through
Tumors

Autoradiographic analysis of tumor sections indicated high accumulation of the In-111
and Lu-177 signal in the highly perfused rim of the tumors after injection of [!!'In]DOTA-
7D12/['""Lu]DOTA-7D12 or ['"'In]DOTA-7D12/['7"Lu]DOTA-7D12-R2 (Figure 4a).
Importantly, signal corresponding to 7D12 was more evenly distributed throughout the
tumor. Quantification of autoradiographic images from all mice confirmed that the tumor
uptake of 7D12 was similar in all animals, regardless of the co-injection with other NBs
or the choice of the radionuclide (Figure 4b). Moreover, the presence of R2 in the tumor
was negligible, whereas the signal from 7D12 was always higher than 7D12-R2.
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Figure 4 Ex vivo autoradiography of tumor tissue and signal quantification. (a) Tumor-bearing
mice were co-injected with ['''In]DOTA-7D12/['""Lu]DOTA-7D12 or ['"In]DOTA-
7D12/['"Lu]DOTA-7D12-R2 and tumor sections were imaged based on decay rates.
Representative tumor sections are shown. (b) Radioactivity quantification from autoradiographic
images of tumor sections from mice injected with ['''In]DOTA-7D12, [''In]DOTA-
7D12/[""Lu]DOTA-7D12, [""In]DOTA-7D12/["""Lu]DOTA-R2, or  ['"In]DOTA-
7D12/['Lu]DOTA-7D12-R2. Box plots display the range between first and third quartile,
median and full data range (whiskers).

Discussion

Many factors influence tumor uptake and distribution of tracers such as NBs, thus making
it challenging to determine the most optimal tracer format for molecular imaging of solid
tumors. In the present study, we have investigated the combination of imaging of in vitro
tumor spheroids, in vivo dual-isotope SPECT, and ex vivo autoradiographic analysis of
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tumor sections, to efficiently assess the tumor uptake and distribution of different NB
formats, while using a reduced number of animals. Importantly, the three approaches
yielded similar results. The similarity in the results obtained with the 3D spheroid model
and the in vivo model suggests that the spheroids could predict the in vivo tumor
distribution of the tracers. Although further studies with different targets and models are
needed, 3D spheroids models have the potential to reduce the number of in vivo studies
needed to compare different formats of tracers. Dual-isotope SPECT imaging was
successfully confirmed here as a valuable technique for small animal NB imaging. Tumor
uptake and biodistribution of each co-injected NB were quantified, with a strong linear
relation with ex vivo y-counting. The imaging and quantification of tracer couple within
the same animal over time eliminates inter-animal differences, considerably reducing
time and number of animals needed. Furthermore, quantitative autoradiographic analysis
of tumor sections allowed to more precisely compare the intratumoral distribution of the
tracers.

In this study, we assessed the tumor accumulation of the irrelevant NB R2 and the
EGFR-targeted NB 7D12. R2 was not retained in tumors in vivo, in agreement with the
absence of accumulation into spheroids. On the contrary, 7D12 accumulated in spheroids
and showed a 19-times higher tumor uptake than R2, when co-injected in mice. The
considerably higher tumor uptake of a specific NB in comparison with an irrelevant NB
is in agreement with previous studies evaluating single NBs with optical imaging [17]
and single-isotope SPECT [19,20]. We also assessed the behavior of tumor targeting NBs
with different molecular size, but similar binding affinity (i.e., 7D12 and 7D12-R2). Our
in vitro data showed that the monomeric NB 7D12 was able to more rapidly and more
homogeneously distribute throughout spheroids over time, compared with the dimeric
NB 7D12-R2. In addition, our in vitro data reinforces the notion that NBs penetrate
tumors faster and deeper than mAbs, as documented in other studies [7,17,21]. Although
tumor spheroids resemble many of the characteristics of an in vivo tumor, several aspects
are not reproduced in this model, e.g., capillary extravasation and systemic clearance.
Spheroids experiments showed that the accumulation of NBs into spheroids increased
during the first 3—4 h, while the SPECT data showed no significant differences in tumor
uptake of NBs between 1 and 3 h post-injection. This is probably caused by the rapid
clearance of NBs via the kidneys (in vivo half-life ~ 90 min [22]), which is not reproduced
in the spheroid model. Importantly, 7D12 accumulated in tumors to a degree of 5-8 %
ID/cm3, which was similar to the reported 4.62 % ID/cm3 for this NB using singe-isotope
SPECT [18]. Remarkably, the increase of 16 kDa for 7D12-R2 caused a 2.5-times
reduction in tumor uptake. This result underlines the effect of molecular size of the tracer
on tumor uptake and is consistent with other studies evaluating similar NB formats with
single-isotope SPECT [19,20], thus supporting the reliability of the methods employed in
the present study. Lastly, the autoradiographic images of tumor sections revealed that the
dimeric NB had a limited penetration into the tumor in comparison to the monomer, which
was also observed in vitro as a delayed penetration into spheroids.

Essential for imaging is the contrast between tumor and control tissues. In general,
SPECT resulted in slightly lower uptake values in organs (~ 10 %) than y-counting, which
is most likely due to ineffective crosstalk removal and partial volume effects at high
activities [23]. This effect was more pronounced in the kidneys (approximately 30 % of
the injected dose was observed in each kidney), but values in kidneys were comparable
with those from single-isotope imaging of EGFR-targeted NBs [18,24]. We also observed
a retention of the dimeric 7D12-R2 in blood and other organs, which has been reported
for other dimeric NBs as well [19].
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Overall, the consistency of our results with published data confirms the value of the
combination of techniques used here and demonstrates that this combination of
techniques is useful to assess the tumor uptake and distribution of different (NB-based)
tracers. Including imaging of 3D spheroids models in the in vitro characterization of new
tracers, could lead to earlier identification of (un)promising candidates. The use of dual-
isotope SPECT imaging in the subsequent preclinical studies could considerably reduce
the number of animals needed. Lastly, autoradiographic analysis of the tumors could
provide additional data on the distribution of tracers throughout tumors. In our case, the
use of only four mice per group (per couple of NBs to investigate) led to unambiguous
data because of the elimination of inter-animal variations. In contrast, standard
biodistributions studies would generally require six mice per tracer and per time point
[14,19].

Conclusion

A combination of in vitro experiments involving tumor spheroids and in vivo experiments
with dual-isotope SPECT imaging and subsequent ex vivo autoradiography of tumors
provided an accurate longitudinal study of different NB tracers, using a reduced number
of animals. This combination of techniques can accelerate the design of novel targeting
compounds, which could ultimately contribute to their progress to the clinic, for
molecular imaging as well as other applications.
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Figure S1 Characterization of labeled proteins. (a) Alexa 647-conjugated and unconjugated
proteins analyzed by 15% SDS-PAGE gel stained with PageBlue Protein staining. (b) Apparent
affinities of the Alexa 647-labeled proteins were determined via a binding assay with A431 cells
using a concentration range (0.2 — 100 nM) of each conjugate. Bound conjugate was detected by
scanning at 700 nm. (¢) SDS-PAGE of the non-labeled and indium-111 labeled NBs stained with
Coomassie brilliant blue. (d) In vitro assessment of the apparent affinities of indium-111 labeled
NBs and lutetium-177 labeled NBs on A431 cells using a concentration range (0.2 — 100 nM) of
each radiolabeled protein. Bound fraction was detected with a y-counter (mean £+ SD). (e)
Apparent affinities (KD values) of the unlabeled [7,8] and labeled proteins.
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Dual-isotope SPECT
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Figure S2 Biodistribution of NB couples. (a) Biodistribution results from SPECT imaging and y-
counting after 3 hrs co-injection of [ '""InJDOTA-7D12/['"Lu]DOTA-7D12, [''In]DOTA-
7D12/[""Lu]DOTA-R2 or ['''In]DOTA-7D12/["""Lu]DOTA-7D12-R2. Statistical significance
of the observed differences between the tumor uptake of each NB were determined. **p < 0.01,
*#%p < 0.001, and ****p < 0.0001. (b) Ratios ['''In]DOTA-NB/['"’Lu]DOTA-NB 3 hrs post-
injection (mean + SD).
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Figure S3 Correlation of SPECT (y-axis) and y-counter (x-axis) results. Data from tumor bearing
mice injected with 7D12, 7D12/R2, 7D12/7D12, and 7D12/7D12-R2 were used. Plotting and
fitting were done in Origin 9.
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Abstract

Patients diagnosed with head and neck squamous cell carcinoma (HNSCC) are currently
treated with surgery and/or radio- and chemotherapy. Despite these therapeutic
interventions, 40% of patients relapse, urging the need for more effective therapies. In
photodynamic therapy (PDT), a light-activated photosensitizer produces reactive oxygen
species that ultimately lead to cell death. Targeted PDT, using a photosensitizer
conjugated to tumor-targeting molecules, has been explored as a more selective cancer
therapy. Organoids are self-organizing three-dimensional structures that can be grown
from both normal and tumor patient-material and have recently shown translational
potential. Here, we explore the potential of a recently described HNSCC—organoid model
to evaluate Epidermal Growth Factor Receptor (EGFR)-targeted PDT, through either
antibody- or nanobody-photosensitizer conjugates. We find that EGFR expression levels
differ between organoids derived from different donors, and recapitulate EGFR
expression levels of patient material. EGFR expression levels were found to correlate
with the response to EGFR-targeted PDT. Importantly, organoids grown from
surrounding normal tissues showed lower EGFR expression levels than their tumor
counterparts, and were not affected by the treatment. In general, nanobody-targeted PDT
was more effective than antibody-targeted PDT. Taken together, patient-derived HNSCC
organoids are a useful 3D model for testing in vitro targeted PDT.
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Introduction

Head and neck squamous cell carcinoma (HNSCC) is a collective term used for tumors
of the stratified epithelium that lines the oral cavity, pharynx, and larynx [1]. Depending
on anatomical location, tumor stage; and patient age, fitness, and comorbidities, the
treatment of HNSCC can consist of surgery, radiotherapy, and chemotherapy (either
alone or in combination). Early stage (stage I/II) HNSCC is usually treated with surgery
or radiotherapy alone, and has a favorable prognosis. However, over 60% of patients
present advanced stage disease (stage III/IV) at the time of diagnosis [2]. For these
patients, treatment with curative intent consists of surgery with adjuvant radiotherapy,
either alone or combined with chemotherapy, or chemoradiation with surgery in reserve
for eventual salvage treatment. While surgery and radiotherapy are applied locally, these
therapies may compromise important functions such as mastication and swallowing,
thereby significantly decreasing the patients’ quality of life. Commonly used
chemotherapeutics cisplatin and carboplatin serve as radiosensitizers, and are therefore
given concurrently with radiotherapy. Although effective in a subset of patients, these
treatments bring about severe side-effects [3]. Epidermal Growth Factor Receptor
(EGFR) protein is overexpressed in 50%-90% of HNSCC, from which 15% carries
EGFR gene amplification [4]. Accordingly, the EGFR-targeting antibody cetuximab was
introduced as an alternative treatment strategy for patients ineligible for cisplatin or
carboplatin treatment [4-7]. Despite these interventions, relapse rates remain around 50%
for advanced stage HNSCC [8].

The limited efficacy and harsh side-effects of current treatments emphasize the need
for more selective treatment strategies for HNSCC. As surgery is a main component of
HNSCC treatment and tumors are often accessible, photodynamic therapy (PDT), or even
the more recently explored targeted PDT, could enable such a targeted and local effect,
and thereby serve as a potential therapy to treat localized HNSCC. Conventional PDT
starts with the administration of a photosensitizer (PS), which is excited by locally applied
light after 2—4 days. The activated PS subsequently converts oxygen to reactive oxygen
species (ROS) that can damage DNA, proteins, and lipids, ultimately resulting in cell
death [9-11]. In addition, PDT has been shown to contribute to tumor vasculature
destruction and activation of the immune system [12]. Side-effects of conventional PDT
(using hydrophobic PS) are common, including damage to normal surrounding tissues
and skin phototoxicity. By conjugation of the PS to a tumor-targeting molecule such as
an antibody, PDT can be made more tumor-specific. Although encouraging results have
been obtained over the years, targeted PDT has only recently entered clinical testing [13].
The development of water-soluble PSs (such as the silicon phthalocyanine derivative
IRDye700DX) has contributed to this, rendering antibody-PS conjugates more stable and
eliminating the need for long spacers between antibody and PS [14]. Targeted PDT with
cetuximab-IRDye700DX conjugates is currently being tested in patients diagnosed with
advanced stage HNSCC (NCT02422979) [15]. The first results of this trial indicate that
patients responded well to this therapy, while experiencing limited side-effects.

We have recently introduced nanobody-targeted PDT as an alternative to antibody-
targeted PDT [16,17]. Nanobodies are the variable domain of a subset of antibodies that
consist of heavy chains only, which are found in only a small subset of animals, including
camelids [18]. Nanobodies are approximately ten times smaller than conventional
antibodies, allowing for both a quicker and a more homogenous tissue penetration, as
well as a faster systemic clearance when left unbound [16]. Compared to antibody-PS
conjugates, the use of nanobody-PS conjugates is expected to require shorter time
intervals between administration and light application (1 or 2 h, instead of day(s)), lead
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to more extensive tumor damage, and result in less skin photosensitivity. Using cell lines
and xenografts, we have previously shown that nanobody-targeted PDT is selective for
cells with high EGFR expression in vitro [16], and induces extensive tumor damage in an
in vivo HNSCC model [17]. Although these results are promising, it is unclear whether
EGFR expression levels of the cell lines used represent the expression of EGFR in human
samples [19]. As such, it remains uncertain if findings reported thus far can be translated
to the clinic.

Organoids are three-dimensional self-organizing structures that can be grown from
stem cells, and recapitulate the organization, histological features, and to some extent,
functional characteristics of epithelial tissues [20]. Organoids can be established with
high efficiency from patient-derived material, such as surgical resections or tumor
biopsies, and allow for the expansion of patient-derived tumor and normal cells in vitro.
We recently developed an organoid model for HNSCC, which recapitulates
morphological and genetic characteristics of this tumor type, and was found to be eligible
for in vitro drug testing [21]. These 3D structures have been established from tumor and
tumor-adjacent wildtype tissue, consist of proliferating squamous epithelial cells, and can
be maintained in culture for over a year. Transplantation of the tumor-derived structures
resulted in tumor-formation in mice, showing that these ‘mini-tumors’ retain their
tumorigenic potential in vitro. Tumor-status of the organoids was confirmed using DNA
sequencing (which included targeted sequencing of EGFR), and organoids were further
characterized using RNA sequencing and functional drug screens. When exposed to a
range of therapeutic agents, including the EGFR-targeting antibody cetuximab, we
observed variable responses between organoids derived from different donors [21].
Normal organoids consisting of wildtype cells (status confirmed by DNA sequencing),
on the other hand, did not result in tumor formation when transplanted.

In this study, we aim to characterize EGFR expression levels on these previously
described HNSCC-derived tumor organoids [21], and compare the expression level to
that of cell lines used in our previous studies. Subsequently, we investigate EGFR-
targeted PDT in this 3D patient-derived model. Although, untargeted PDT has previously
been tested in 3D cell cultures [22-25], to our knowledge, this is the first report of in vitro
PDT in a 3D patient-derived model. Our results point to the relevance of employing
patient-derived material, compared to an established cell line, for testing of targeted
therapies, and support that these organoids are a useful 3D model for testing these.

Materials and Methods

Human Material for Organoid Cultures

The collection of patient data and tissue for the generation and distribution of organoids
was performed according to the guidelines of the European Network of Research Ethics
Committees (EUREC) following European and national law. The Biobank Research
Ethics Committee of the UMC Utrecht (TCBio) approved the biobanking protocol: 12-
093 HUB-Cancer according to the UMCU Biobanking Regulation. All donors
participating in this study signed informed consent forms and can withdraw their consent
at any time. Available organoids will be catalogued at www.hub4organoids.eu and can
be requested at info@hub4organoids.eu.
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Tissue Processing

Patient material was collected from pathology material in Advanced DMEM/F12 (Life
Technologies), supplemented with 1x GlutaMAX (adDMEM/F12; Life Technologies),
Penicillin-streptomycin (Life Technologies) and 10 mM HEPES (Life Technologies).
This medium was named +/+/+. Patient material was collected in +/+/+ containing 100
pg/mL Primocin (Invivogen). For normal tissue samples, excess fat or muscle tissue was
removed to enrich for epithelial cells and tissue was cut into small fragments. Random
pieces of approximately 5 mm? were stored at —20 °C for DNA isolation. Two to four
tissue pieces were fixed in formalin for histopathological analysis and
immunohistochemistry, and the remainder was processed for organoid derivation.
Fragments were incubated at 37 °C in 0.125% Trypsin (Sigma-Aldrich) in +/+/+ until
digested. Every 10 min, the tissue suspension was sheared using 1 mL pipette. Incubation
was performed for a maximum of 60 min. When complete, suspension was diluted with
+/+/+ and strained over a 100 um EasyStrainer filter (Greiner Bio-one), followed by
centrifugation at 300x g. The resulting pellet was resuspended in ice-cold 70% 10 mg/mL
cold Cultrex growth factor reduced Basement Membrane Extract (BME) type 2
(Trevigen) in organoid medium, which serves as a extracellular matrix mimetic in the
organoid cultures. Approximately 10,000 cells were resuspended per 40 uL. of BME.
Droplets of approximately 10 uL were plated on the bottom of pre-heated suspension
culture plates (Greiner Bio-one). After plating, plates were inverted and put at 37 °C for
30 min to let the BME solidify. Subsequently, prewarmed organoid medium was added
to the plate. For the first week, 10 uM Rho-associated kinase (ROCK) inhibitor Y-27632
(Abmole Bioscience) was added to the medium to aid outgrowth of organoids.

Organoid Culture

The organoid medium consisted of +/+/+, supplemented with 1x B27 supplement (Life
Technologies), 1,25 mM N-acetyl-L-cysteine (Sigma-Aldrich), 10 mM Nicotinamide
(Sigma-Aldrich), 50 ng/mL human EGF (PeproTech), 500 nM A83-01, 10 ng/mL human
FGF10 (PeproTech), 5 ng/mL human FGF2 (PeproTech), 1 uM Prostaglandin E2 (Tocris
Bioscience), 3 uM CHIR 99021 (Sigma-Aldrich), 1 uM Forskolin (Bio-Techne), 4%
(v/v) RSPO, and 4% (v/v) Noggin (both produced via the r-PEX protein expression
platform at U-Protein Express BV). Organoids were split between 7 and 14 days after
initial plating. For passaging, organoids were collected from the plate by disrupting the
BME droplets with a P1000 pipette and washed in 10 mL +/+/+. The pellet was
resuspended in 1 mL of TrypLE Express (Life Technologies) for incubation at 37 °C.
Digestion was closely monitored and suspension was pipetted up and down every 5 min
to aid disruption of the organoids. TrypLE digestion was stopped when organoids were
disrupted into single cells by adding 10 mL +/+/+. Cells were resuspended in ice-cold
70% BME in organoid medium and plated at suitable ratios (1:5 to 1:20) to allow efficient
outgrowth of new organoids. Directly after splitting, 10 uM Y-27632 was added to aid
outgrowth of organoids from single cells. Medium was changed every 2-3 days and
organoids were split once every 1-2 weeks.

Cell Line Culture

Human vulvar squamous cell carcinoma A431 (CRL-1555), human cervical carcinoma
cell line HeLa (CCL-2), and human embryonal kidney cell line HEK293T (CRL-3216)
were purchased from the American Type Culture Collection (ATCC). Human head and
neck squamous cell carcinoma cell line UM-SCC-14C (14C) was kindly provided by
Prof. Dr. T.E. Carey (University of Michigan, USA). All cell lines were cultured in
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DMEM (Life Technologies) supplemented with 10% fetal calf serum, and 100 pg/mL
penicillin/streptomycin (Life Technologies). Cells were cultured at 37 °C, 5% CO2 in a
humidified atmosphere, and split with TrypLE Express (Life Technologies) for 10 min at
37 °C once a week.

RNA Collection

Organoids were cultured as normal. For quantification of EGFR expression, organoids
were split to single cells, left to grow five days on organoid medium, and then transferred
to organoid medium with physiological EGF concentration (0.63 ng/mL). Five days later,
organoids were collected and washed twice with 10 mL +/+/+. RNA was extracted using
RNeasy mini kit (Qiagen) according to protocol. RNA concentrations were measured
using Nanodrop.

cDNA Synthesis and Quantitative Polymerase Chain Reaction (PCR)

For cDNA synthesis, RNA was incubated with 50 pg/mL Oligo(dT) 15 Primer (Promega)
in water for 5 min at 70 °C. Subsequently GoScript Reverse Transcriptase (Promega) was
used according to protocol to produce cDNA. qPCR reactions were performed in 384 well
format using IQ SYBR green (Bio-Rad) in the presence of 0.67 uM FW and RV primer
and cDNA transcribed from 25 ng RNA. For qPCR, samples were incubated for 2 min at
95 °C and for 40 cycles at: 15 s at 98 °C, 15 s at 58 °C and 15 s at 72 °C. Results were
calculated by using the AACt method. Melt peak analysis was performed to assure that
primers had no aspecific binding. The primers used are depicted in Table 1.

Table 1 Primer sequences used for quantitative Polymerase Chain Reaction.

Primer Sequence '5—'3

Human EGFRFW  AGGCAGGAGTAACAAGCTCAC
Human EGFRRV ~ ATGAGGACATAACCAGCCACC
Human GAPDH FW GGAGCGAGATCCCTCCAAAAT

Human GAPDH RV  GGCTGTTGTCATACTTCTCATCG

EGFR: Epidermal Growth Factor Receptor, FW: Forward, RV: Reverse, GAPDH:
Glyceraldehyde 3-phosphate dehydrogenase.

Photosensitizer Conjugation

Monovalent NB 7D12, binding domain III on EGFR, and biparatopic NB 7D12-9G8,
binding domains II and IIT on EGFR, were produced as previously described [16]. In
short, the his-tagged nanobodies were produced in E. coli BL21 and purified from the
periplasmic fraction using immobilized metal affinity chromatography (IMAC) with
nickel-nitrilotriacetic acid agarose. mAB cetuximab, binding domain III on EGFR, was
purchased at the local hospital pharmacy. As the original ligand of EGFR, EGF also binds
domain III; 7D12, 7D12-9G8, and cetuximab all compete with EGF [16]. IRDye®
700DX NHS Ester (LI-COR) was conjugated to cetuximab, 7D12, and 7D12-9G8, as
previously described [16], thus with molar ratio for conjugation of 1:4 for all conjugates.
Alexa Fluor 647 NHS Ester (Thermo Fisher Scientific) was similarly conjugated to
cetuximab. All conjugates were checked by gel electrophoresis after conjugation to
determine the percentage of free dye, and to confirm the conjugates were not degraded,
they were checked on gel every 3—4 weeks after conjugation. Conjugates were solely used
when free dye percentage was less than 10%. Additionally, to confirm that binding
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affinity was not affected after conjugation, new conjugates were tested in a binding assay
on A431, as previously described [16].

EGFR Flow Cytometry

Organoids used for flow cytometry analysis were grown in physiological EGF medium
containing 0.63 ng/mL EGF. Organoids were collected 7 days after splitting and disrupted
into single cells using TrypLE. Cells were washed once with 10 mL +/+/+, counted, and
subsequently incubated in FACS buffer (PBS with 5% FCS and 2 mM EDTA) containing
19 nM cetuximab-Alexa647 for one hour on ice (100 uL FACS buffer for 100,000 cells).
After incubation, cells were washed once and resuspended in 100 pL. FACS buffer for
analysis. Just before measurements, 1 pg/mL DAPI was added to allow the identification
of dead cells that were excluded from the analysis. Unstained controls were taken along
for each line and A431, 14C, and Hela served as positive controls. Measurements were
carried out on the BD FACSCanto II (BioRad) with standard filter sets, and fluorescence
intensity of cetuximab-Alexa647 was measured on the 633 nm channel. Analysis was
performed using FlowJo software, BD Biosciences, Franklin Lakes, NJ, USA).

Immunohistochemistry

Organoids were cultured for one week on complete medium, followed by one week on
physiological EGF medium. Subsequently, organoids were collected, washed twice to
remove BME and incubated for at least 2 h at room temperature in 4% PFA for fixation.
Organoids were subsequently processed for paraffin embedding. Paraffin sections were
stained with H&E and the EGFR antibody (Invitrogen, clone 31G7, dilution 1:40,
pretreatment pepsin). All stainings were performed at the pathology department of the
University Medical Center Utrecht (UMCU).

In Vitro PDT Assay on HNSCC Organoids

Organoids were disrupted into single cells using TrypLE and manual shearing using a
P1000 pipette. Single cells were subsequently plated in BME and cultured on
physiological EGF medium without N-acetyl-cysteine. Two days later, BME drops were
mechanically disrupted by pipetting and 1 mg/mL dispase II (Sigma-Aldrich) was added
to the medium to disrupt BME. Culture plates were incubated at 37 °C for 40 min to digest
the BME. Subsequently, organoids were collected, washed with cold +/+/+, and filtered
using a 70 pm nylon cell strainer. Organoids were counted and resuspended in 5%
BME/phyiological EGF medium without N-acetyl-cysteine. Five hundred organoids were
plated in a volume of 40 pL in 384 well format using the multi-drop Combi Reagent
Dispenser (Thermo Fisher Scientific). Average size at the start of treatment was
approximately 50 um. PS conjugates were added using HP Tecan D300e Digital
Dispenser. Conjugates were dissolved in PBS containing 0.3% Tween-20. Experiment
was performed in technical triplicate. After two hours of incubation with the conjugates,
690 nm light was applied (Modulight), using a light fluence rate of 5 mW/cm2 (measured
by an Orion Laser power monitor). A total light dose of 26 J/cm2 was given. Twenty-four
hours after illumination, cell viability was measured using CellTiter-Glo 3D Reagent
(Promega) according to protocol. Luminescence readout was carried out using a Spark
multimode microplate reader (Tecan). Viability of wells that only received PBS/Tween
for normalization was set at 100%. Viability of organoids exposed to 10 uM staurosporin
was set at 0%. A separate dark control plate was made, in which for each line the highest
concentration of the conjugate was added in triplicate. GraphPad Prism (GraphPad
Software Inc.) was used to create kill curves and lines were fitted by means of the
nonlinear fit option ‘log (inhibitor) vs. response -variable slope’. Concentration of the PS-
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conjugate was corrected for the DOC of the conjugate in order to plot on the y-axis the
total amount of PS, the actual drug.

EGFR Overexpression Construct and Lentivirus Production

cDNA was obtained from A431 cells. EGFR open reading frame was amplified using
PCR (FW primer '5—'3: GCTAGCGCCACCATGGACTACAAGGATGACGATGA
CAAGATGCGACCCTCCGGGACGGC, Reverse primer '5—'3: CACGCGTTGCT
CCAATAAATTCACTGCTTT. PCR product was purified using gel extraction.
Restriction digest using Nhel and Mlul allowed ligation of the EGFR open reading frame
into the Addgene plasmid #50661. Production of lentivirus was performed in HEK293T
cells, which were transduced with packaging plasmids and the created EGFR construct.
Transduction was performed using a mixture of 300 uL PEI, 25 pg EGFR construct, and
5 mL Optimem (Thermo-Fisher) that was added to the 15 mL of DMEM/10% serum
already placed on the HEK293T cells. After 8 h, medium was refreshed. Three days later,
supernatant was collected and filtered using a 0.40 pm pore filter. Virus was collected by
ultracentrifugation (20.000x g, 2 h, 4 °C). Virus derived from one 15 cm dish of
HEK293T cells was resuspended in 500 pL organoid medium and stored at —80 °C until
use.

Organoid Infection and Doxycycline-Mediated Induction of EGFR Expression

The organoids were disrupted into single cells using TrypLE, washed, and incubated with
100 pL virus suspension. Virus/cell mixture was incubated for 6 h in the presence of 1
pg/mL polybyrene. After incubation, the organoids were washed with 10 mL +/+/+ and
plated in BME as usual. Three days later, the organoid medium supplemented with 1
pg/mL puromycin (InvivoGen) was placed on the organoids. The organoids were kept on
puromycin containing medium for two weeks, after which successful infection was
validated using doxycycline induction. PDT was performed as previously described,
except for the addition of 3 pg/mL doxycycline after splitting of the organoids two days
prior to PDT. Doxycycline was also added during the PDT assay. For FACS analysis,
organoids were cultured for one week in the presence of doxycycline.

Results

EGFR Expression Differs between Patient-Derived Organoids from Different
Donors and Recapitulates EGFR Levels of Respective Tissues

Previously characterized HNSCC-derived organoids were cultured as described in [21].
Tumor-derived organoids were named T (tumor), while organoids obtained from normal
tissues were named N (normal), followed by a number, which was identical to previously
used in [21]. Tumor-status of the organoids was previously confirmed by DNA
sequencing. This included targeted sequencing of EGFR for assessing amplification and
mutations in exons 3, 7, 15, 18 to 21 (for more details on sequencing, see Supplementary
Table S1). When available (i.e., in 3 out of 7 cases) organoids were established from
tumor-adjacent wildtype epithelium. Wildtype status of these normal epithelium-derived
organoids was confirmed by whole exome sequencing (n = 2) or Nutlin-3 selection (n =
1). Nutlin-3 is an Mdm2-agonist preventing the growth of TP53 wildtype cells [26].
Hence, Nutlin-3 sensitive lines are TP53 wildtype. Relevant information on the organoids
used in this study can be found in Table 2.
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Table 2 Patient information corresponding to the organoid lines used in this study. From left to
right, columns indicate: patient gender, patient age at diagnosis, tumor location, pretreatment,
Human Pappiloma Virus (HPV) status of tumor, type of DNA sequencing used to confirm tumor
status of the organoid line, and availability of organoids from only tumor (T) or both normal
epithelium and tumor (N/T).

Sequencing Tumor
Organoid Gender Age Tumf)r HPY to Confirm Status N/T
Location Status Tumor
Confirmed?
Status
1 male 61 tongue negative  oncopanel Yes T
2 female 90 larynx  negative  oncopanel Yes T
3 female 83 larynx  negative  oncopanel Yes T
4 male 60 tongue negative  oncopanel Yes N/T
5 male 80 parotid negative exome Yes N/T
gland sequencing
oral .
6 male 82 cavity negative  oncopanel Yes T
8 female 70 gingiva negative exome Yes N/T
sequencing

To assess EGFR expression levels in HNSCC organoids, both quantitative PCR and
flow cytometry were performed. EGFR messenger RNA was detectable in all tested
organoid lines, although expression varied between organoids derived from different
donors (Figure S1a). Interestingly, lowering the level of EGF in organoid culture medium
to the levels detected in human serum (hereafter called ‘physiological EGF’), resulted in
upregulation of EGFR expression in all, but two lines (Figure S1b). This finding was in
line with the fact that EGFR protein on organoids could initially not be detected by flow
cytometry, whereas it was detectable on control cell lines overexpressing EGFR. Indeed,
EGFR protein levels were increased upon culture of organoids in physiological EGF
medium (Figure 1a). In line with variable EGFR expression in primary tumors [27],
EGFR protein levels varied between organoids derived from different donors (Figure 1b).
EGFR protein levels detected on HNSCC-derived organoids were lower than those
observed on cell lines expressing high (A431) and moderate (14C) EGFR levels
(indicated by ‘2D cell lines’ in Figure 1b). Expression is shown relative to HeLa cells,
which have been reported to have physiological levels of EGFR expression. All these cell
lines have previously been used to assess efficacy and selectivity of EGFR-targeted PDT
in vitro [16,17].

As organoid culture allows for the expansion of corresponding normal tissue in
culture, EGFR levels of organoid grown from surrounding normal tissues were also
measured. For three donors, EGFR levels on both normal and tumor organoids were
compared. In all cases, EGFR protein levels detected on tumor cells were higher than
those detected on matched normal organoids (Figure 1b). Importantly, EGFR expression
levels in organoids (colored bars) were comparable to EGFR levels of primary patient
material samples (black bars indicated with ‘primary tissue’, Figure 1b). The observed
differences in EGFR expression between normal and tumor organoids were confirmed
using immunohistochemistry (Figure 1c).
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Organoid Response to EGFR-Targeted PDT Is Donor-Dependent and Tumor-
Specific

Existing PDT protocols of 2D cell lines were adjusted to make them suitable for organoid
screens (Figure 2a). All experiments were performed with cetuximab-PS (which is
currently tested in the clinic), and the nanobody-PS conjugates 7D12-PS and 7D12-9G8-
PS, that were used in our previous studies [16]. 7D12 is a monovalent EGF-competing
nanobody, whereas 7D12-9G8-PS is a biparatopic EGF-competing nanobody, consisting
of two genetically fused monomeric nanobodies targeting two different epitopes on
EGFR. In vitro, biparatopic nanobodies have been shown to be more potent than
monovalent nanobodies [16], as they can carry more PS per nanobody and can promote
receptor clustering, which leads to faster EGFR endocytosis and thus, conjugate
internalization [28].

Upon exposure to EGFR-targeted PDT, organoids were killed by concentrations of
PS-conjugate that did not result in cell death in the dark (Figure 2b, shown for 7D12-9G8-
PS, but found for all used conjugates). As expression levels are lower in patient-derived
organoids than in the cell lines where efficacy of these nanobody-PS conjugates has been
observed before [16], these findings are encouraging and of clinical relevance.

Tumor and wildtype organoids established from the same patient were subjected in
parallel to EGFR-targeted PDT. In all pairs tested, tumor organoids were found to be
more sensitive to PDT than their wildtype counterparts (Figure 2c). Using area under the
curve (AUC) as a quantitative measure of in vitro killing, tumor organoids clustered
separately from wildtype organoids, for all PS-conjugates tested (Figure 2d). Although
numbers are limited, these findings are encouraging and provide the first indication that
cancer cells derived from patient material can be selectively killed by targeted PDT,
leaving normal cells unaffected. For all organoids tested, the effect of nanobody-targeted
PDT was more pronounced than that of antibody-targeted PDT. A comparison between
the two nanobody-PS conjugates points to the treatment with the biparatopic nanobody
7D12-9G8-PS, as this is the most effective in most of the organoids tested.
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Figure 1 Epidermal Growth Factor Receptor (EGFR) expression differs between patient-derived
organoids from different donors and recapitulates EGFR levels of respective tissues. (a) EGFR
protein expression detected by flow cytometry. EGFR expression of organoids grown in either
physiological Epidermal Growth Factor (EGF) (blue peak) or high EGF (ref peak) medium is
shown for two HNSCC organoid lines. An unstained control is shown in black. (b) EGFR protein
expression measured by flow cytometry in 2D cell lines commonly used in in vitro EGFR-targeted
PDT studies, organoid lines derived from HNSCC patients both normal and tumor, and in primary
tissue samples. For organoids, the experiment was performed in technical duplicate (error bars)
and biological triplicate (individual bars). EGFR expression was stable over time, as biological
replicates were measured two months apart. EGFR protein levels are shown relative to HeLa cells
(set at 100%). Results of tumor organoids are shown in filled bars, results of wildtype organoids
are shown in clear, outlined bars. For primary tissues, each bar represents EGFR expression on a
tissue sample derived from an individual patient. (¢c) EGFR immunohistochemical staining
performed on N8 and T8 organoids. Scalebar, 100 pm.
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Figure 2 Organoid response to in vitro EGFR-targeted PDT is donor-dependent and tumor-
specific. (a) Schematic outline of the experimental set-up of organoid in vitro PDT. Organoids
are disrupted into single cells, recovered for two days on medium containing physiological EGF,
and subsequently filtered, counted, and plated into a 384 well format. A two-hour exposure to
EGFR-targeting nanobody-PS or antibody-PS conjugates was followed by a light-dose activating
the PS. Twenty-four hours later, cell viability was assessed. (b) EGFR-targeting conjugates used
in this study did not show toxicity without activation of the PS. Here, toxicity of 7D12-9G8 in T3
and T4 is shown as an example. (c) Response to EGFR-targeted PDT of matched normal and
tumor organoid pairs. Response to 7D12-PS, 7D12-9G8-PS, and cetuximab-PS is shown for N4
and T4 (orange), N5 and T5 (red), and N8 and T8 (blue). Normal organoids are depicted in a
lighter shade of the same color than their tumor counterparts. (d) Quantification of organoid
response to EGFR-targeted PDT shown in Figure 2¢ Area under the curve (AUC) is used as a
readout for response to EGFR-targeted PDT. Blue indicates low AUC-values (response to
therapy), whereas red indicates high AUC values (no response to therapy).

Organoid Response to EGFR-Targeted PDT Correlates with EGFR Expression
Levels

The number of patient-derived tumor organoids was further expanded and their response
to targeted PDT assessed (Figure 3). Organoids derived from different patients showed
variable responses to EGFR-targeted PDT. Comparison of EGFR protein levels and
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response to therapy revealed a positive correlation between these two variables,
confirming results previously obtained in 2D cell lines [16]. Organoids that express
higher protein levels of EGFR were more sensitive to EGFR-targeted PDT, regardless of
the PS-conjugate used (Figure 3a,b). Since organoids express EGFR at comparable levels
to primary patient tissue, these results are clinically relevant, as they suggest that EGFR
levels could be a predictor for EGFR-targeting PDT. The response of all individual
organoids (both tumor and normal) to the three used PS-conjugates is shown in Figure
S2.
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Figure 3 Organoid response to in vitro EGFR-targeted PDT correlates with EGFR expression
levels. (a) Sensitivity of HNSCC organoids with variable EGFR expression to PDT using
conjugates 7D12-PS (first panel), 7D12-9G8-PS (second panel), and cetuximab-PS (third panel).
Color of the lines indicate the relative EGFR expression level, detected by FACS analysis (blue
= highest expression, yellow = lowest expression). (b) Correlation plots showing the relation
between EGFR expression on the x-axis and response to PDT therapy, as indicated by area under
the curve (AUC) on the y-axis. The first panel shows the AUC for 7D12-PS, second panel for
7D12-9G8-PS, and the third panel for cetuximab-PS.

Induction of EGFR Expression Increases Sensitivity to EGFR-Targeted PDT

Based on the observed correlation between EGFR expression and the targeted PDT
response, we set out to verify whether an increase in EGFR expression would result in
increased sensitivity to EGFR-targeted PDT. For this, a doxycycline-inducible EGFR
expression construct was introduced into two HNSCC organoids, T6 and T8 (Figure 4a).
Subsequent doxycycline-induction resulted in GFP expression (A GFP-coding sequence
was cloned after EGFR in the used construct), indicating that the induction was effective
(Figure 4b). After doxycycline treatment, EGFR protein levels increased in both lines
(Figure 4c). Lastly, EGFR overexpression resulted in increased sensitivity to targeted
PDT (Figure 4d). This data confirms that EGFR-targeted PDT is most effective in
organoids having high expression of EGFR, showing a causal relation between EGFR
levels and sensitivity to EGFR-targeted PDT.
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Figure 4 Induced EGFR expression enhances the response to EGFR-targeted PDT. (a) Schematic
outline of lentiviral infector used to create organoid lines that can be induced to overexpress
EGFR (TRE: tetracycline responsive element, CMV: cytomegalovirus promotor). The TRE and
CMV promotor precede the open reading frame encoding EGFR and GFP, separated by a T2A
sequencing, assuring generation of separate mRNA molecules for EGFR and GFP. (b) Merged
brightfield/immunofluorescence images of organoids after two-day administration of
doxycycline. Scalebar 400 um. (c) and (d) Effect of doxycycline-mediated EGFR overexpression
on EGFR protein levels in organoid lines T6 and T8, respectively. Colored peaks indicate
uninduced expression, lined peaks indicate induction of EGFR expression. (e) and (f) EGFR-
targeted PDT using nanobody 7D12-9G8-PS in EGFR overexpressing organoid lines T6 and T8.
Organoids were either doxycycline-induced (squared symbols, dashed line) or uninduced (round
symbols, solid line) and exposed to PDT as previously described.
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Discussion

The first aim of this study was to characterize EGFR expression in HNSCC patient-
derived organoids and compare the expression level to that of cell lines used in our
previous studies. EGFR levels in organoids were found to recapitulate EGFR expression
levels of both tumor and normal patient material samples, even when retained in culture.
Notably, EGFR expression levels were found to be lower in patient-derived organoids
than in cell lines where efficacy of these nanobody-PS conjugates has been observed
before [16]. The EGFR levels detected on organoids were comparable to expression levels
detected on HelLa cells, a cell line that has been found to be unaffected by nanobody-
targeted PDT under specific conditions [15]. Subsequently, we aimed to investigate
EGFR-targeted PDT in this novel 3D model; in the lower levels of EGFR expression,
EGFR-targeted PDT was shown to be effective in these patient-derived organoids. Tumor
organoids were more sensitive to PDT than their corresponding wildtype counterparts,
suggesting that, with appropriate dosing, this therapy is expected to leave the normal
epithelium surrounding the tumor unaffected. EGFR levels between organoids from
different patients varied, and could be correlated with response to EGFR-targeted PDT.
Higher levels of EGFR protein correlated with a better response to this therapy in vitro.
Finally, we aimed to verify the correlation between EGFR expression levels and PDT
efficacy. For that, inducible EGFR overexpression was employed, which resulted in
increased PDT efficacy.

The known clinical need for effective and selective local treatment of HNSCC, and
the complexity of conventional PDT protocols used in the clinic encourages the
development of more targeted PDT approaches. This study complements others that have
shown selective and extensive tumor damage as a result of EGFR-targeted PDT [29-34].
However, here we have taken the unique approach of testing PDT in (matching) patient-
derived tumor and normal cells. To our knowledge, this is the first report of in vitro PDT
in a 3D patient-derived model, although several studies have investigated PDT or targeted
PDT in spheroid models grown from 2D cell lines [22-25]. When compared to the 2D
cultures of which they were derived, these 3D spheroids certainly better recapitulate a
mass of tumor cells in vivo. However, this study highlights the possible differences in
target expression levels between such 3D spheroids and patient-derived organoids, where
the expression detected in the latter was found to better recapitulate expression levels
detected on primary tissue. Thus, the use of patient-derived models should be encouraged
in the development and evaluation of targeted therapies.

Gene amplification of EGFR is reported in 15% of HNSCC patients [4], although
EGFR protein overexpression has been reported in up to 90% of tumors [5]. Here, tumor
cells showed increased EGFR expression levels compared to their wildtype counterparts,
despite the fact that none of the tested organoids showed any evidence for EGFR
amplification [21]. These findings are in line with previously mentioned statistics and
support the hypothesis that EGFR protein overexpression is not only driven by gene
amplification. It would be of interest to test EGFR-targeted PDT in organoids derived
from a tumor carrying EGFR amplification, to see if responses are comparable to those
observed in the organoids reported here.

In this work, we confirmed the correlation that was previously observed between
EGFR expression and response to EGFR-targeting PDT [16,17]. Here, we confirm this
correlation in patient-derived organoids. These findings suggest that high EGFR
expression in tumor tissue might be used as a predictive marker for response to EGFR-
targeted PDT. The potential of EGFR expression as a biomarker for other EGFR-targeted
therapies was previously investigated [5]. Such studies found that EGFR expression
levels could not predict response to the EGFR-blocking antibody cetuximab. This is likely
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explained by commonly found downstream mutations in the EGFR pathway, which will
negate the effect of cetuximab competing with EGF for EGFR binding, even in EGFR
overexpressing tumors [4]. Since the effect of EGFR-targeted PDT is independent from
EGFR downstream signaling and mutations, EGFR expression could potentially be a
suitable biomarker for response to EGFR-targeted PDT. EGFR-targeted PDT is expected
to be an effective treatment option, even for tumors carrying EGFR-downstream
mutations.

Cetuximab-targeted PDT is currently tested in clinical trials (NCT02422979).
Initial findings are encouraging and show responses to therapy, with limited side-effects
[15]. Here, no inclusion criteria were applied based on EGFR expression levels. It would
be of value to see to what extent EGFR levels can explain differential responses to therapy
in this patient cohort. To determine if organoids can aid personalized decision-making, it
would be interesting to establish organoids from patients receiving EGFR-targeted PDT.
As such, it would be possible to compare in vitro organoid responses to corresponding
patient responses and see if organoids hold predictive potential in EGFR-targeted PDT.

Even though PDT is a local therapy, evidences have pointed to the potential of it
triggering an immune response that can lead to systemic effects and even a memory to
protect patients from tumor recurrences [35]. For patients already diagnosed with
metastatic disease, a combination of the standard systemic chemotherapy with PDT could
be foreseen. Such combinations of chemotherapy and PDT have already been explored in
several preclinical and clinical studies (as reviewed in [36]). Overall, the addition of PDT
has resulted in increased response rates when compared to chemotherapy alone, even in
advanced disease where metastasis are present [36]. Combination treatment often results
in more severe side-effects than single agent therapy, thereby hampering clinical
applicability. As the use of targeted PDT has shown less side-effects than conventional
PDT [15], it is suggested that the introduction of targeted PDT in combination with
chemotherapy will be better tolerated than conventional PDT combined with
chemotherapy.

The efficiency of organoid culture allows for the establishment of matching
organoid pairs, where corresponding normal oral mucosa tissue can be grown in parallel
to the adjacent tumor tissue. Here, we tested three matching organoid pairs, and found in
all cases that wildtype organoids showed no response to EGFR-targeted PDT. This is
likely due to the lower EGFR expression levels detected on wildtype cells, although
others have shown that tumor cells also produce more ROS than wildtype cells, which
might also influence PDT responses [37,38].

Patient-derived organoids create the opportunity to compare the response of both
tumor and matching wildtype cells. These allow to study the specificity of EGFR-targeted
PDT better than, for example, transplantation of patient-derived tumor cells in mice,
where the species difference can contribute to differential response of (human) tumor and
(mouse) wildtype cells. On the contrary, in vivo studies are better suited than in vitro
models to evaluate distribution and the effect of bio-availability of PS-conjugates. A
possible solution could be transplantation of both the normal and tumor organoid pairs in
order to investigate these aspects in vivo [21].

In this study, we used two different nanobodies: monovalent 7D12 and biparatopic
7D12-9G8. In vitro, biparatopic nanobodies have been shown to be more potent than
monovalent nanobodies [16], as they can carry more PS per nanobody, and their binding
to EGFR results in receptor clustering, leading to faster EGFR (and conjugate)
endocytosis [28]. The internalization of nanobody-PS and also of antibody-PS has been
correlated with increased cellular damage [39,40]. However, in vivo, only small
differences have been observed thus far between these two nanobody formats, where
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7D12-PS has shown more reproducible tumor damage than 7D12-9G8-PS. As 7D12 is
smaller than 7D 12-9G8, tissue penetration of this nanobody is suggested to be more rapid
and more homogenous [41]. Compared to treatment with antibody-PS, nanobody—PS
results in less variation in the extent of damage induced and in an increase in tumor
damage [17]. These results have been correlated to the larger size of the antibody,
hampering a homogenous distribution in vivo. Also, in organoids, cetuximab—PS was
found to be less effective than any of the two nanobodies (Figure S2). In contrast to
previously described in vivo studies, we found that, in vitro, the biparatopic nanobody
more effectively killed HNSCC cells than the monovalent nanobody. This is likely due
to the small dimensions of the organoids employed, and the fact that this set up does not
reflect systemic distribution. Nevertheless, besides our study focused on targeted PDT,
organoids are gaining increasingly more attention as realistic representations of tumors
that enable effective drug screens, with a variety of drugs [21,42-52].

While the predictive potential of patient-derived organoids has been shown earlier
for cystic fibrosis [53,54], recent data shows that organoids also hold predictive potential
in oncological therapeutic context [21,44-46,48]. In these studies, a correlation between
patient response and the response of matching organoids that were exposed to the same
therapy was observed. Although numbers are limited, future studies will show if such a
correlation holds true in a larger cohort of patients and for more tumor types.

Conclusions

Here we present HNSCC-derived organoids as a clinically relevant 3D model for in vitro
targeted PDT. We show that EGFR expression levels detected on patient-derived HNSCC
organoids closely recapitulate EGFR expression detected in primary tissue. EGFR
expression levels were found to correlate to the response to EGFR-targeted PDT.
Wildtype organoids grown from tumor-adjacent normal tissues showed lower EGFR
expression levels than their tumor counterparts, and were not affected by PDT. Taken
together, patient-derived organoids are shown to be a useful model for EGFR-targeted
PDT research.
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Figure S1 EGFR mRNA expression differs between patient-derived organoid lines and is
increased upon medium change to physiological EGF levels. (a), EGFR mRNA expression levels
measured in organoid lines derived from different HNSCC patients. Expression is calculated
relative to housekeeping gene GAPDH. Experiment was performed in technical triplicate. (b),
culturing organoids under physiological EGF resulted in an increase in EGFR mRNA levels in
4/7 lines. EGFR expression is depicted as the ratio of EGFR in medium containing physiological
EGF levels, versus EGFR expression in organoid cultured in high EGF medium. When this ratio
is > 1, EGFR expression is increased in response to physiological EGF levels.
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Figure S2 Comparison of different PS carriers in EGFR-targeted PDT. Results of in vitro PDT
screens performed with 7D12-PS, 7D12-G98-PS and cetuximab-PS in eight patient-derived
HNSCC organoid lines and three matching wildtype organoid lines. Results of 7D12-PS are
depicted in dashed lines and squared symbols, results of 7D12-9G8-PS in dotted lines and
triangular symbols, and cetuximab-PS in solid lines and circular symbols. Color coding of the
different samples is identical to that applied in the main figures.

Supplementary Table S1 Details on targeted sequencing of organoids

Used assay: lon AmpliSeqTM Cancer Hotspot Panel v2+ Next Generation Sequencing
Sequencing performed for research purposes in the UMC Utrecht

*this assay only contains hotspot regions and does not provide information on the full sequence
of the depicted genes

**this assay has not officially been validated for detecting amplifications

gene exons checked by oncopanel gene exons checked by oncopanel
ABLI 4-7 IDH2 4

AKTI1 3,6 JAK2 14

ALK 22-25 JAK3 4,13,16

APC 14 KDR 6,7,11,19,21,26,30
ARAF 6 KIT 2,9-11,13-15,17,18
ATM 8.9,12,17,26,34,35, 36,39,50,54,55,56,59,61,63 KRAS 2-4

BRAF 11,15 MDM2 6-9

CALR 9 MET 2,11,14,16,19
CDHI1 3.89 MLH1 12

CDKN2A |2 MPL 10

CRAF 6 MYDS88 5

SDF1R 7.22 NOTCHI1 25,27,37

CTNNBI1 3 NPMI1 11

EGFR 3,7,15,18-21 NRAS 2-4

ERBB2 19-24 PDGFRA 12,14,15,18
ERBB4 3-5,7-9,15,23 PIK3CA 1.4,6,7,9,13, 18,20
EZH2 16 PTEN 3,5-8

FBXW7 58-11 PTPN11 3,13

FGFR1 4,7 RBI1 4,6,10,11,14,17
FGFR2 5.7,10 RET 10,11,13,15,16
FGFR3 7.9,14,16,18 SMAD4 3-6,8-12

GNAL1 S MARCB1 2,45

GNAS 8,9 SMO 3,5,6,9,11

GNAQ 5 SRC 14

HNFIA 34 STK11 1,4,6,8

HRAS 2,3 TP53 2-10

IDH1 4 VHL 1-3
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Chapter 4

Abstract

Despite clinical successes in the treatment of some early stage cancers, it is undeniable
that novel and innovative approaches are needed to aid in the fight against cancer.
Targeted therapies offer the desirable feature of tumor specificity while sparing healthy
tissues, thereby minimizing side effects. However, the success rate of translation of these
therapies from the preclinical setting to the clinic is dramatically low, highlighting an
important point of necessary improvement in the drug development process in the
oncology field. The practice of a comparative oncology approach can address some of the
current issues, by introducing companion animals with spontaneous tumors in the linear
drug development programs. In this way, animals from the veterinary clinic get access to
novel/innovative therapies, otherwise inaccessible, while generating robust data to aid
therapy refinement and increase translational success. In this review, we present an
overview of targetable membrane proteins expressed in the most well-characterized
canine and feline solid cancers, greatly resembling the counterpart human malignancies.
We identified particular areas in which a closer collaboration between the human and
veterinary clinic would benefit both human and veterinary patients. Considerations and
challenges to implement comparative oncology in the development of anticancer targeted
therapies are also discussed.
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Introduction

Cancer is an important cause of death in humans worldwide, accountable for
approximately 10 million deaths every year [1]. The use of surgery, chemo- and
radiotherapy has certainly led to remarkable clinical outcomes for some early stage
cancers [2], but the overall need for improved outcome is undeniable. Differences in
anatomical location, aetiology, and molecular biology of cancers stress the necessity to
develop novel therapies and combined approaches that more specifically address the
cancer in an individual patient. Expanding the therapeutic arsenal to fight cancer,
numerous targeted therapies and immunotherapies have emerged in the last decade [3,4].
In particular, continuous development in the field of molecular biology and oncogenes
raises opportunities for new molecular targeted therapies, e.g. tyrosine kinase inhibitors
(TKI), monoclonal antibodies and antibody-drug conjugates targeting cancer cells. These
offer selectivity towards cancer cells over normal cells by exploiting genetic alterations
in malignant cells, minimizing damage to healthy tissues and improving patient’s quality
of life [4]. This attractive feature unique to targeted therapies warrants the innovative
efforts of researchers to develop new targeted treatments.

In the oncology field, the success rate of translation of a therapy from preclinical to
clinical use is as low as 3.4 % [5,6]. This is the lowest success rate among therapeutic
disciplines and can be partly explained by the use of (immunocompromised) rodent
xenograft models as the main experimental tool in the field, which certainly fail to
reproduce most aspects of such an intricate disease as cancer. These models, in addition
to the obvious biological differences between species, often miss the tissue-specific
environment, host immunity, the capacity to metastasize and development of treatment
resistance [6]. It is clear that a more clinically relevant setting is needed to bridge the
currently existing gap and lead to more successful therapies. Comparative oncology offers
this, being a discipline that integrates the study of spontaneous cancers in companion
animals into studies of human oncology. Consequently, a win-win scenario is created in
which therapeutic options can arise for both humans and veterinary patients. This field of
study exemplifies the concept of “One Medicine”, which recognises the unity of human
and veterinary medicine and that both can advance hand in hand [7]. Dogs and cats with
naturally occurring tumors and intact immune systems are of extraordinary translational
significance [8]. These veterinary patients present a larger genetic variation than inbred
mouse strains and are exposed to environmental factors similar to humans, resulting in
less clear-cut results during clinical evaluation that better reflect the human situation. In
addition, the shorter life span and lack of therapeutic options for companion animals allow
the smooth initiation of therapeutic trials and rapid data collection, while still offering a
relatively long-term follow-up [8]. Many cancer types in the veterinary clinic are
considered as exceptional models of the human counterpart, exhibiting genetic, molecular
and clinical similarities [9,10]. With the revealing of the dog genome in 2005 and, more
recently, the cat genome in 2014, the study of spontaneous cancers in these animals has
become even more interesting for comparative oncology [11,12].

In the context of developing novel targeted therapies, the treatment of veterinary
patients with spontaneous tumors can generate robust data and give very valuable insights
for treatment refinement, thereby increasing the translational success rate. At the same
time, these animals get access to novel and promising therapies, which would otherwise
remain inaccessible for these patients (Figure 1).
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Increased
translational
success

Access to
promising therapies

Novel anticancer
targeted therapy

Access to approved
targeted therapies

Figure 1 Proposed approach for the development of anticancer targeted therapies. First,
encouraging results are obtained in preclinical studies (e.g. rodents) for a targeted therapy utilizing
a particular target. The therapy can be evaluated for the treatment of relevant cancers in
companion animals expressing the target in question, allowing access to novel and promising
therapeutic approaches for these veterinary patients. Robust data are thus acquired in a more
relevant setting, to guide the translation of the therapy towards the equivalent human cancer while
increasing translational success. At the same time, the use of current successful targeted therapies
in the human clinic can be expanded to the veterinary clinic, based on the knowledge of which
targets are present in the different canine and feline cancers.

In this review, we present an overview of molecular targets in companion animals and
their expression in relevant cancers (i.e. with translation potential). The focus is on
targetable membrane proteins with high homology across species present on the most
well-characterized solid cancer models: canine and feline oral squamous cell carcinoma,
canine bladder cancer, canine and feline mammary carcinoma, canine osteosarcoma and
canine melanoma. A brief introduction of each cancer, its human counterpart and
available targeted therapies is given in Table 1, together with a collection of comparative
studies highlighting the rationale to focus on the selected cancer types. This table
evidences the existing gap between human and veterinary medicine, since no targeted
therapies are yet approved for the reviewed cancer types in companion animals. From the
listed targeted therapies in Table 1, only the approved monoclonal antibodies cetuximab
and trastuzumab are being assessed at the preclinical level for the treatment of the
veterinary malignancies, and thus these therapies will be addressed further in this review.
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Table 1 Overview of the translational cancer models included in this review, i.e. human and
canine/feline counterpart, available targeted therapies and selected reviews describing
similarities

Cancer % of all cancers Approved targeted Sele.cted
therapy (target) review
Human head and neck 6% [1] Cetuximab (EGFR)
squamous cell carcinoma
[13,14]
Canine and feline oral 8 % of all feline cancers [15]
squamous cell carcinoma 2 % of all canine cancers [16] )
Human invasive 3 % are bladder cancer, of
transitional cell which 20 % are invasive TCC Erdafitinib (FGFR)
carcinoma (TCC) [1]
[17]
2 % are bladder cancer, of
Canine invasive TCC which > 90 % are invasive -
TCC[17]
Human mammary Trastuzumab (HER2),
. 12 % (26 % in women) [1] Bevacizumab (VEGF),
carcinoma
others [10,18]
Canine and feline 25 % in female dogs [18]
mammary carcinoma 17 % in female cats [19] )
Human osteosarcoma 3.5 % of all childhood cancers Sorafenib (multiple
<1 % in adults [20] kinases)

[21]

. 2 % (especially large size
Canine osteosarcoma breeds) [22] -

6 % are melanoma, of which Vemurafenib (BRAF),
Human melanoma

(non-UV induced) 15 % are non-UV induced Trametinib (MEK),
[23] others
[24]
7 % are melanoma, of which
Canine melanoma > 95 % are non-UV induced -
[25]

EGFR: epidermal growth factor receptor; FGFR: fibroblast growth factor receptor; HER2: human
epidermal growth factor receptor 2; VEGF: vascular endothelial growth factor; BRAF: B-Raf
proto-oncogene; MEK: mitogen-activated protein kinase.

The different membrane targets that are addressed in this review are presented in Table
2, emphasizing their relevance in the oncology field. Most of these proteins are tyrosine
kinase receptors mediating cell proliferation and survival. G protein-coupled receptors
and nutrient transporters are also common targets under evaluation in human clinical
trials. Table 2 lists some examples of the therapies approved for human use, mostly TKIs
(e.g. gefitinib and lapatinib) and the already mentioned monoclonal antibodies (i.e.
cetuximab and trastuzumab). Next to these, also other therapies are indicated in Table 2,
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though only those that were found to be tested in companion animals are described
further.

Knowing the targets overexpressed in these relevant animal cancers, not only serves
to guide the evaluation of targeted therapies in clinically relevant models of the human
disease, but also to expand the use of current successful targeted therapies in humans
towards the veterinary clinic. The feasibility of the proposed approach is supported by the
fact that cancer remains a leading cause of death not only in humans, but also in
companion animals. To compare, dogs develop cancer at a similar rate as humans (1 in
3), while cats are less affected (1 in 4 to 5) [26]. About 50 % of dogs and 30 % of cats
over age ten die from cancer. Most of the discussed animal cancers are often compared
to adult human cancers, since those are rare during childhood and have a higher incidence
in geriatric animals, while canine osteosarcoma is considered to closely resemble the
pediatric cancer [27]
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Epidermal growth factor receptor

Head and neck squamous cell carcinoma

EGFR overexpression has been reported in up to 90 % of human head and neck squamous
cell carcinomas (HNSCC) and also in feline oral squamous cell carcinoma (OSCC),
making it an interesting therapeutic target in both species [39—41]. Although several
EGFR-targeting small molecule inhibitors and monoclonal antibodies are currently
approved and under clinical evaluation for the treatment of human HNSCC [42,43],
clinical evaluation of agents targeting EGFR in feline OSCC has not been reported. In
vitro studies with a feline OSCC cell line have been conducted to target EGFR with the
TKI gefitinib and RNA interference [44,45]. While gefitinib caused a reduction in cell
proliferation, this was accomplished at a relatively high dose and gefitinib resistance
developed. By combining siRNA with gefitinib treatment, it was possible to surpass the
acquired resistance. Interestingly, the combination of siRNA targeting of EGFR and
radiation therapy showed an additive cytotoxic effect in the feline cell line [44]. These
results, although scarce and in an initial stage, support the notion of EGFR targeting to
treat feline OSCC.

Invasive transitional cell carcinoma

EGFR is overexpressed in both human and canine invasive transitional cell carcinoma
(TCC) in about 75% of the cases [17,46,47]. Several EGFR-targeting compounds have
been or are currently evaluated in clinical trials of human TCC, but so far with mixed
results [17]. Recently, a particular 67-gene signature has been associated with sensitivity
to EGFR inhibition in human bladder cancer cell lines [48]. Regarding canine invasive
TCC, there is only one clinical study involving EGFR-targeting as therapy [49]. In this
study, an EGF-conjugated anthrax toxin was used to target EGFR-expressing human and
canine TCC cell lines. After encouraging in vitro results, the effects of the EGF-toxin
were evaluated in 6 dogs with invasive TCC, resulting in a 30 % reduction of the tumor
size in all dogs. These data show promising effects and follow-up studies are warranted.
In another recent study, near-infrared photoimmunotherapy was used to target EGFR in
canine invasive TCC cell lines [50]. The EGFR-targeting monoclonal antibody
can225IgG (caninized cetuximab) was conjugated to a photosensitizer (IRDye700DX)
and tested in canine TCC cell lines, showing specificity and cytotoxic potency. Using a
xenograft mice model of canine invasive TCC, NIT-PIT treatment led to a statistically
significant inhibition of tumor growth and prolonged survival, highlighting thus the
promise of the approach.

Osteosarcoma

EGFR is frequently overexpressed in human osteosarcoma (OSA); however, the exact
contribution of EGFR in OSA prognosis and development is still not fully understood
[51,52]. EGFR is expressed in canine OSA cell lines and tissues, and a higher expression
correlates with a poor prognosis [53,54]. Currently, several ongoing clinical trials
evaluate the use of EGFR-targeting agents in human patients with OSA [52]. As for
canine OSA, only in vitro data are available so far [54-56]. Three small molecule EGFR-
targeting TKIs, i.e. erbstatin analogue, erlotinib and gefitinib, have been tested alone or
in combination with different therapeutic approaches. The three drugs showed activity as
monotherapy, but combinations yielded better results. In particular, erbstatin analogue
was tested in combination with the chemotherapy agent doxorubicin, resulting in
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increased cell death compared to erbstatin monotherapy. Erlotinib was tested in
combination with radiation therapy and enhanced sensitivity to radiation was observed.
Lastly, the combination of gefitinib and the c-Met inhibitor crizotinib showed an additive
effect on cell proliferation inhibition. Altogether, combination strategies involving EGFR
targeting show potential for the treatment of canine OSA.

Mammary carcinoma

EGFR expression is found in 15 — 45 % of human breast cancer tissues [57]. Accordingly,
the EGFR TKIs gefitinib, erlotinib, lapatinib and afatinib are approved for the treatment
of some subsets of breast cancer, while the evaluation of more EGFR-targeting drugs is
ongoing in clinical trials [58]. In canine mammary carcinoma (CMC) tissues, similar
EGFR expression as in the human equivalent cancer has been reported [59]. Similarly,
EGFR was found to be significantly overexpressed in cell lines, tissues and xenograft
mouse models of feline mammary carcinoma (FMC) [60]. Several studies report cell
proliferation inhibition induced by EGFR-targeting in CMC cell lines. Cetuximab and its
caninized version (can225IgG), gefitinib and EGFR siRNA have all inhibited cell
proliferation as a single agent [61-63]. Only in one of these studies a FMC cell line was
included, also showing cell proliferation inhibition after gefitinib treatment [62].

Melanoma

EGFR has also been of interest as a therapeutic target in human melanomas, and it can
play a role in the progression of cutaneous melanomas [64]. Two clinical phase II trials
have been conducted with EGFR-targeting agents, but the outcomes were poor in human
patients with metastatic melanomas [65,66]. Therefore, there are currently no EGFR-
targeted therapies approved for human melanomas. In canine melanoma, little is known
regarding EGFR expression and its role. One recent study reported the expression of
EGFR and other receptors from the EGFR family in canine melanomas, concluding that
EGFR overexpression occurs only in 5% of the oral melanomas and 16% of the skin
melanomas [67]. In addition, an increased proliferative index was associated with a
decreased EGFR expression in the skin melanomas. In another recent study, the
expression of EGFR was found downregulated in oral melanoma compared to the healthy
oral tissue [68]. Therefore, EGFR does not seem to be a promising target in human and
canine melanoma, but targeting of this receptor in the canine disease has not been
investigated yet.

Human epidermal growth factor receptor 2

Invasive transitional cell carcinoma

HER2 overexpression is common in human TCC and it is, therefore, an interesting target
[69]. Likewise, significant overexpression of HER2 compared to normal canine bladder
has been described in canine invasive TCC tissues at both the RNA and protein level [70—
72]. While multiple clinical trials are ongoing to evaluate different HER2-targeting drugs
in human patients with TCC [73], the targeting of this protein has not been yet studied in
the context of canine TCC. The outcome of the current human clinical trials will certainly
shed light on the value of targeting HER2 in this type of bladder cancer and may spur
research also in the field of veterinary oncology.
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Osteosarcoma

The role of HER2 in human OSA has been controversial. Multiple studies report
overexpression of HER2, while others describe the opposite [74—76]. As for canine OSA,
overexpression of HER2 has been detected in different OSA cell lines and tissues at the
RNA level [77]. Despite the controversial findings on HER2 in human OSA, a clinical
trial has been conducted with trastuzumab, a HER2-targeting monoclonal antibody, in
combination with chemotherapy [78]. The outcome was rather disappointing and HER2
positive patients did not have a significant therapeutic benefit. Nevertheless, HER2 seems
to remain an interesting target in these cancers for targeted therapy and, particularly, for
immunotherapy [52]. In human patients with HER2-positive OSA, HER2-specific
chimeric antigen receptor T cell therapy has shown initial promising results [79].
Furthermore, dogs with HER2-positive OSA were successfully treated with a vaccine
consisting of recombinant Listeria bacteria expressing a chimeric human HER2, which
induced HER2-specific immunity and reduced the incidence of metastasis [80].
Altogether, it is reasonable to consider immunotherapies involving HER?2 targeting as a
therapeutic option for both human and canine OSA, but the targeting of this receptor alone
has not yet shown promise.

Mammary carcinoma

HER?2 is a major marker for human breast cancer classification and its presence or
absence mainly guides the choice of therapeutic strategy. HER2 overexpression is found
in 10 — 40 % of human breast cancers [81]. For the treatment of HER2-positive breast
cancer, multiple HER2-targeting agents are already approved, e.g. trastuzumab,
pertuzumab and afatinib, and others are being tested in ongoing clinical trials [58]. In
CMC and FMC, HER2 overexpression is in the same range as in human breast cancers
[82-85]. Nonetheless, studies of HER2-targeting in these veterinary patients have been
so far limited to in vitro evaluations. The anti-HER2 antibody trastuzumab was able to
inhibit cell proliferation in two CMC cell lines [61]. On the other hand, using other CMC
and FMC cell lines, the use of the HER2 inhibitor AG825 or a HER2 siRNA only caused
a slight inhibition of cell proliferation [62]. All things considered, the genetic, molecular
and clinical similarities between the human and canine/feline disease support the value
of targeting HER2 in companion animals with mammary carcinoma.

Melanoma

The role of HER2 in human melanomas is still under debate, because of contradictory
results regarding the overexpression of this target [86—88]. In canine oral and skin
melanomas, the role of HER2 is still largely unknown and there is only one study
addressing this. HER2 membranous expression was found in 50 and 43% of the oral and
skin melanomas, respectively, but this was not considered to be overexpressed [67].
HER?2 expression in the oral melanomas was associated with tumor progression, because
of its correlation with emboli occurrence. So far, no solid conclusion can be drawn
regarding the potential of HER?2 targeting to treat melanoma.

Platelet-derived growth factor receptors

Osteosarcoma

Both PDGFRa and PDGFR are frequently overexpressed in OSA human tissues [89,90].
In canine OSA tissue, the expression of both proteins is commonly found and, in canine
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OSA cell lines, overexpression of the two receptors has been reported at the RNA level
[91]. However, clinical trials evaluating different PDGFR-targeted therapies in human
OSA have not been successful. As a result, it has been suggested to target PDGFRs not
as monotherapy, but rather in combination with other therapeutic agents such as check
point inhibitors or chemotherapy [90]. There are no studies available in which the
targeting of PDGFRs in canine OSA has been investigated, but combination strategies
might be the answer as in the case of the human disease.

Melanoma

In human cutaneous melanomas, overexpression of PDGFRa is associated with decreased
cell proliferation, whereas the role of PDGFRf in melanomas is, on the other hand, less
clear [92,93]. Still, several phase II and III clinical trials are being conducted in patients
with malignant melanomas evaluating TKIs that target PDGFRs amongst other tyrosine
kinase receptors [94]. In canine oral melanomas, the co-expression of PDGFRa and
PDGFRp has been described in 37.5% of the cases, which corresponded with a significant
shorter overall survival compared to dogs without co-expression [95]. Although the
targeting of exclusively PDGFRs has not been investigated yet in companion animals
with melanoma, the encouraging results from human clinical trials may instigate
researchers in this direction.

Hepatocyte growth factor receptor

Osteosarcoma

c-Met is frequently found overexpressed in human and canine OSA tissues and cell lines
[54,96-98]. Nevertheless, to date, there are no clinical data available of c-Met-targeting
agents to treat OSA. The two approved multi-TKI cabozantinib and crizotinib, which
target c-Met amongst others, have been tested in human OSA cell lines and xenograft
mouse models with promising results [99,100]. Liao et al. tested a c-Met-targeting drug
called PF2362376 in canine OSA cell lines, which inhibited c-Met and induced cell death
at a high dose [101]. Another drug that targets c-Met, called PHA-665752, and a c-Met
shRNA have also been evaluated as single agents in two canine OSA cell lines. Although
the two agents did not affect cell proliferation, the motility of the cell lines was decreased
[98]. Although not clear yet whether targeting c-Met alone can be of value, there are
indications that c-Met inhibition can be a promising strategy to treat OSA when also other
oncogenic pathways are being targeted.

Insulin-like growth factor-1 receptor

Osteosarcoma

The role of IGF-1 and IGF-1R has been investigated in several human cancers, including
OSA [32]. A significant overexpression of IGF-1R has been found in human OSA tissues
compared to healthy bone tissue [102]. In canine OSA cell lines and tissues, high
expression of IGF-1R is frequently observed at both the RNA and protein level [103,104].
One clinical study assessing the efficacy of an IGF-1R-targeting drug has shown poor
results in humans with OSA [105]. Nonetheless, more IGF-1R-targeting drugs are being
investigated in clinical trials to treat human OSA [106], while no data are available
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concerning canine OSA. The results of the ongoing human clinical trials, when
promising, may guide the use of similar therapeutic strategies in dogs with OSA.

Mammary carcinoma

Expression of IGF-1R is frequently found in human breast cancer with varying
percentages in the different cancer subtypes [107]. Therefore, IGF-1R has been an
interesting target in breast cancer and multiple clinical trials have taken place with IGF-
IR-targeting agents [108]. However, these clinical trials showed poor outcomes, resulting
in no approved IGF-1R-targeting drugs in human breast cancer so far. In multiple studies
with tissue samples of canine mammary gland carcinomas and invasive CMC, high
expression of IGF-1R was commonly found, but contradictory findings have been
reported regarding its correlation with prognosis in CMC [109-111]. The role and
expression of IGF-1R has not been studied in FMC, and no therapeutic strategies targeting
this receptor have been assessed in CMC or FMC. Clearly, while human data discourages
IGF-1R targeting in breast cancer, more research is needed to get a better understanding
of the potential of this approach in companion animals with mammary carcinoma.

Melanoma

IGF-1R often plays a role in the different types of human melanomas and, therefore, it
has been considered an interesting drug target for this disease [112,113]. Among multiple
tyrosine kinase receptors, IGF-1R has been found to be the most abundant in canine
malignant melanoma cell lines, and its expression was subsequently confirmed in the
majority of canine melanoma tissues [114]. There are several preclinical studies showing
promising effects of IGF-1R targeting in combination with other therapeutic agents for
the treatment of human melanoma [115]. Nevertheless, the use of IGF-1R-targeting
agents has not been evaluated in canine melanomas, neither in vitro nor in vivo. It is
reasonable to consider IGF-1R a good target in canine melanoma, based on its high
expression and the so far encouraging results in human melanoma.

Insulin-like growth factor-2 receptor

Osteosarcoma

In contrast to IGF-1R, research conducted with IGF-2R as a therapeutic target is still in
the initial phases. In human primary OSA cell lines, IGF-2R has been found to be
significantly overexpressed [96]. Monoclonal antibodies targeting IGF-2R conjugated to
different cytotoxic radioisotopes, for radioimmunotherapy, have been evaluated in human
OSA cell lines as well as patient-derived xenograft mouse models [116,117]. The authors
showed specificity of the radiolabelled antibody and the ability to supress tumor growth.
Furthermore, the same authors described IGF-2R expression in canine OSA tissue,
making it an interesting target for further research [116].

Folate receptor a

Invasive transitional cell carcinoma

Dhawan et al. investigated the expression of FRs in human and canine invasive TCC
tissues, which was found in 78 and 76 % of the cases, respectively [118]. In the same
study, the FR-targeting drug folate—vinblastine conjugate was intravenously administered

69



Chapter 4

to treat 9 dogs with FR-positive invasive TCC. The drug led to partial remission in 56 %
of the dogs and stable disease in 44 %. The same research group continued this line of
investigation and treated 28 dogs with invasive TCC with a different FR-targeting drug,
i.e. folate-tubulysin conjugate. This time, clinical benefit was observed in 71 % of the
dogs, including partial remission in 11 % and stable disease in 60 % [119]. The
encouraging results justify the assessment of FR-targeting agents to treat invasive TCC
in the human clinic as well.

Prostaglandin E2 receptor 2

Invasive transitional cell carcinoma

The expression levels of EP2 in human urothelial cancer tissues have been shown to be
significantly upregulated compared to normal urothelium [120]. Interestingly, a
decreased EP2 expression in the cytoplasm and nucleus in bladder cancer tissues
compared to normal bladder has also been reported [121]. When comparing the gene
expression patterns of invasive canine TCC tissues and normal bladder, the gene encoding
for EP2, PTGER2, was the most upregulated gene in the TCC samples [72]. After that
finding, EP2 protein expression was detected in the tumor cells of 11 out of 15 canine
TCC tissues, whereas EP2 was absent in normal epithelial cells. Altogether, the
overexpression of EP2 in human and canine TCC makes it a promising target, but the
efficacy of targeting agents has yet to be investigated.

Monocarboxylate transporters

Head and neck squamous cell carcinoma

Increased expression of MCT1 and MCT4 in human oral SCC has been correlated with a
poor survival prognosis and, therefore, MCT1 and MCT4 were proposed as therapeutic
targets in HNSCC [122,123]. More recently, high expression of MCT1 in feline OSCC
cell lines and tissues was reported, whereas MCT4 expression was relatively low [124].
Accordingly, the action of a dual MCT1- and MCT4-inhibiting drug, MD-1, was tested
in feline OSCC and human HNSCC cell lines as well as in an orthoptic feline OSCC
xenograft mouse model. The targeting agent induced cell death in the human and feline
cell lines and inhibited tumor growth in the orthoptic mouse model, highlighting the
promise of MCTs as therapeutic targets in both species.

CD146

Melanoma

CD146 is highly expressed in human primary and metastatic melanomas and is a marker
of poor prognosis in these patients [37]. Multiple antibodies have been developed to target
human CD146 and tested in preclinical settings with promising results [37,125,126]. In
canine tissues of oral and skin melanoma, CD146 is frequently highly expressed as well,
especially in oral melanomas [127,128]. However, at present no studies have been
published that investigated CD146 targeting in canine melanoma. Clinical trials to be
conducted in the near future will give insights into the value of CD146 as a therapeutic
target in the clinical setting.
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C-X-C chemokine receptor type 4

Mammary carcinoma

Targeting CXCR4 in human breast cancer patients is currently under evaluation in clinical
trials [129]. In FMC tissues, CXCR4 is frequently highly expressed, whereas CXCR4
expression is not detected in healthy mammary tissues of cats [130,131]. Moreover,
CXCR4 has been described as one of the top upstream regulators in canine mammary
tumors [132]. Further research in companion animals may be encouraged by the outcome
of the current clinical studies in human patients [129].

Multi-kinase inhibitors

Many targetable proteins are tyrosine kinase receptors on the cell membrane. Upon their
activation (e.g. ligand binding), intracellular signaling occurs, inducing a multitude of
cellular processes, including cell proliferation, differentiation and survival. Alteration in
expression and/or activation of tyrosine kinase receptors is common in many human
cancers and, therefore, these proteins have been of interest in the field of targeted
therapeutics [133].

Sunitinib (Sutent®) and toceranib phosphate (Palladia®) are two drugs targeting
multiple of these tyrosine kinase receptors simultaneously, including the vascular
endothelial growth factor receptor (VEGFR), PDGFR, c-Kit, colony stimulating factor 1
receptor and fms-like tyrosine kinase 3 [134—136]. Sunitinib and toceranib phosphate are
actually structural analogues, used for the treatment of cancer in the human and veterinary
clinic, respectively. Sunitinib has been approved for the treatment of different cancers,
such as renal cell carcinoma and gastrointestinal stromal tumors. Toceranib phosphate
was the first drug approved for targeted cancer treatment in companion animals, indicated
for canine mast cell tumors.

Another TKI with a broad range of targets is dasatinib (Sprycel, Dasanix), which
targets several tyrosine kinase receptors such as c-Kit and PDGFRs, as well as the SRC
kinase family of non-receptor signaling proteins. This drug has already been approved by
the FDA for treatment of two types of human leukaemia [137], and its use in the
veterinary clinic is gaining interest. Masitinib mesylate (Kinavet, Masivet) is another
multi-TKI mainly inhibiting c-Kit and, to a lesser extent, other tyrosine kinase receptors
such as PDGFRs and fibroblast growth factor receptor 3 (FGFR3) [138]. Masitinib is
approved for the treatment of canine mast cell tumors, while its evaluation in humans
with solid tumors, such as pancreatic and colorectal cancer, is ongoing. An overview of
the evaluation of toceranib phosphate, dasatinib and masitinib mesylate in the veterinary
clinic (for the cancer models here reviewed) is shown in Table 3.

Table 3 Overview of the use of toceranib phosphate, dasatinib and masitinib mesylate in
veterinary clinical studies and in vitro.

Cancer Toceranib phosphate  Dasatinib  Masitinib mesylate Ref.

HNSCC Dogs & cats Canine & feline cells  [134,135,139]
TCC Dogs [140]
OSA Dogs Dogs [135,141,142]
MC Dogs [143,144]
MM Dogs Dogs [144,145]

HNSCC: head and neck squamous cell carcinoma; TCC: transitional cell carcinoma; OSA:
osteosarcoma; MC: mammary carcinoma; MM: malignant melanoma.
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Head and neck squamous cell carcinoma

The use of sunitinib has been evaluated in phase II clinical trials in recurrent or metastatic
HNSCC, but resulted in poor outcomes due to low efficacy [146,147]. Since then,
toceranib phosphate has been tested in different cancers in dogs and cats, including canine
and feline OSCC [134,135,148]. London et al. treated 8 dogs with carcinoma in the head
and neck region with toceranib phosphate, and 6 of these dogs experienced clinical benefit
[135]. In a retrospective study of cats with OSCC, toceranib phosphate treatment
significantly extended the lifespan compared to untreated cats [134]. Here the treatment
was combined with the administration of non-steroidal anti-inflammatory drugs
(NSAIDs) and the beneficial effect of toceranib phosphate alone was not demonstrated.
Nevertheless, overall, promising results have been observed so far for the use of toceranib
phosphate in the treatment of OSCC in companion animals.

The use of masitinib, which has the highest affinity for c-Kit, has been evaluated in
feline and canine OSCC cell lines. Overexpression and activation of c-Kit was found in
human HNSCC [149], and similar expression levels have been detected in feline and
canine OSCC cell lines [139]. Masitinib inhibits the downstream pathway of c-Kit in
these cell lines, but also induces expression of cyclooxygenase 2 (COX2), an enzyme
involved in cell proliferation. Consequently, co-treatment with piroxicam (a COX2
inhibitor) resulted in the best inhibition of cell proliferation for the different SCC cell
lines [139]. Clearly, further research is still needed to elucidate the promise of these
combination strategies.

Invasive transitional cell carcinoma

Sunitinib has been evaluated in several phase II clinical trials of human patients with non-
invasive or metastatic TCC. The general outcome of those studies was unsatisfactory,
despite clinical benefit in some patients [150—-152]. The use of toceranib phosphate has
been investigated for the treatment of canine TCC. The expression of PDGFRf, VEGFR2
and c-Kit, all targets of toceranib phosphate, has been described in canine invasive TCC,
although only PDGFR-f was found significantly overexpressed in comparison to normal
bladder tissue [153]. Owing to these findings, a retrospective study was recently
performed regarding toceranib phosphate treatment in dogs with TCC, showing clinical
benefit in 86.7% of the dogs [140]. The study had some limitations, such as the co-
administration of NSAIDs which can positively affect overall survival and the
presumptive diagnosis of 12 out of 27 dogs. Nonetheless, the results are encouraging for
the use of toceranib phosphate to treat canine TCC.

Osteosarcoma

Sunitinib has shown promising effects in human OSA cell lines and xenograft mouse
models [154], but no clinical data are available to date. The use of toceranib phosphate in
canine OSA has been evaluated in the last couple of years. First, a retrospective study
showed the first preliminary evidence of clinical benefits in canine OSA [135]. However,
follow-up studies failed to demonstrate a significant clinical benefit of toceranib
phosphate as monotherapy or in combination with chemotherapy or other therapeutic
agents [155—158]. In a recent paper by Sanchez-Cespedes et al., toceranib phosphate was
investigated in canine OSA cell lines and in two orthotopic xenograft canine OSA mouse
models, resulting in decreased tumor growth only in one of the two mouse models [159].
The OSA cell line used for this particular xenograft had high expression of PDGFR, c-
Kit and VEGFR2 and, as a result, it has been suggested that toceranib phosphate is more
effective in tumors with high expression of these receptors.
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Dasatinib has been tested in human clinical trials for the treatment of different
sarcomas, including OSA, but there was insufficient activity as a single agent [160]. In a
single-case study of a dog with OSA, dasatinib was used as a treatment [141]. The treated
dog in the study first underwent surgery, by which primary tumor cells were obtained and
cultured. Together with other canine OSA cell lines, the primary cells were screened for
86 small molecule inhibitors. Here dasatinib showed the most promising result and,
consequently, was used to treat the dog after receiving surgery and chemotherapy. Eight
months after completion of the treatment, the tumor had not recurred. In line with these
observations, Marley et al. treated 4 dogs with OSA with dasatinib after surgery and
chemotherapy, leading to a prolonged survival time and indicating the potential benefit
of this drug for the treatment of canine OSA [142].

Mammary carcinoma

Multiple phase III clinical trials of sunitinib treatment in patients with advanced breast
cancer, either as monotherapy or in combination with chemotherapy, have not shown
satisfactory results. Therefore, sunitinib has not been approved as treatment in human
breast cancer [161-163]. Evaluation of toceranib phosphate in a clinical setting to treat
dogs bearing mammary carcinomas has been limited. Five dogs with mammary
carcinoma were included and 2 of these had a partial response [144]. Eighteen dogs with
inflammatory mammary carcinoma were treated with toceranib phosphate in combination
with piroxicam and thalidomide. Of those 18 dogs, 4 received additional radiation
therapy, which led to partial response and significant increased survival time compared
to the dogs which did not receive radiotherapy. For the 14 dogs not treated with radiation
therapy, the combination treatment of toceranib phosphate, piroxicam and thalidomide
caused a partial response in 3 dogs and 6 dogs experienced stable disease [143].
Altogether, toceranib phosphate may be effective against canine mammary carcinoma in
a multimodal approach, but the effectiveness as a single agent remains to be elucidated.

Melanoma

Sunitinib has been evaluated in human clinical trials to treat cutaneous, mucosal and uveal
melanomas. Nevertheless, sunitinib has shown limited activity in those trials and it has
been suggested that sunitinib could be more beneficial in combination with other drugs
for the treatment of melanoma [164,165]. In two canine clinical studies evaluating
toceranib phosphate, a total of 4 dogs with melanoma were included, from which 3 dogs
achieved a stable disease [144,145]. Although the first results are encouraging, the
benefit of toceranib phosphate to treat canine melanomas needs to be addressed in larger
studies.

The use of masitinib mesylate has also been evaluated in dogs with melanoma,
strongly driven by the fact that c-Kit is a therapeutic target in human melanomas,
especially in advanced melanomas with a mutated c-Kit gene [166]. Different c-Kit
inhibitors have already been tested in human clinical trials and imatinib is currently
recommended for second-line treatment of c-Kit-mutated melanoma [167]. In canine
cutaneous and mucosal melanomas, only a few studies have investigated the expression,
mutations and role of c-Kit, and the precise role of c-Kit is still not completely understood
in these melanomas [168—171]. In a recent study by Giuliano & Dobson, masitinib
mesylate was evaluated as a treatment in 17 dogs with advanced malignant melanomas.
Only 2 dogs with mucosal melanomas had a partial response, while 7 dogs achieved stable
disease. The researchers concluded that masitinib mesylate treatment is not efficient, at
least as monotherapy, for advanced malignant melanoma in dogs [172].
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Considerations for the development of targeted therapies in
comparative oncology

The use of targeted therapies to treat human cancers has been significantly more
implemented than in the veterinary clinic [173]. Nevertheless, with the latest
developments in molecular biology and the veterinary approval of the two multi-TKIs
toceranib and masitinib, targeted therapies in veterinary oncology are certainly becoming
a more important focus of cancer research. Dogs with spontaneous cancers have been
more of interest in comparative oncology than their feline comrades [10,174]. However,
for some cancer types, cats can be more relevant for translational research; for instance,
as a model for human HNSCC and metastatic breast cancer [10]. Most advances in
targeted therapies in the veterinary landscape are directed towards canine lymphomas and
mast cell tumors. In this review, we have focused on the translation of targeted therapies
for solid tumors, by presenting an overview of molecular targets in human cancers and
the counterpart malignancy in companion animals, as well as the outcomes of the so far
evaluated therapies. To enable relevant and translational research, we focused on
targetable membrane proteins with high homology degree between species and their
presence in five well-characterized solid cancer types, all considered exceptional models
of the respective human disease. Table 4 presents a summary of the reviewed targets, their
homology between human and dog or cat, the targeted therapies, and the stage of testing
(i.e. cell lines, xenografts in mice, or companion animals). While multi-TKIs are more
commonly evaluated in veterinary patients, the targeting of individual proteins is mainly
restricted to preclinical research. So far, only the targeting of EGFR and FRa has been
assessed in the clinic, to treat dogs with invasive TCC. A schematic representation of the
most promising and advanced targets in the five different cancer types is depicted in
Figure 2.

As evidenced by this review, EGFR-targeting receives large attention not only in
human oncology, but also in veterinary research. Canine and feline EGFR share high
homology with the human receptor (92 %), making it an interesting target for translational
research. In many human cancers, EGFR has proven an invaluable therapeutic target [28].
Multiple EGFR-targeting monoclonal antibodies (e.g. cetuximab and panitumumab) and
small molecule inhibitors (e.g. gefitinib and erlotinib) have been approved for the
treatment of different human cancers, including HNSCC, colorectal and lung cancer
[28,43]. In this regard, agents targeting EGFR have also been extensively investigated in
canine and feline cell lines of OSCC, OSA, TCC and mammary carcinoma, but only the
use of EGF-anthrax toxin has been reported in the clinical setting, for the treatment of
canine invasive TCC. This illustrates the large gap between the human and veterinary
clinic and points at EGFR targeting as an area where closer collaboration

The existing distance between human and veterinary oncology is also evident in the
treatment of mammary carcinoma. A plethora of anti-HER2 agents are used or are under
investigation to treat this human neoplasm; on the contrary, published related research
remains at the in vitro phase for canine and feline mammary carcinoma. On a positive
note, this opens up avenues for the translation of currently successful and HER2-targeting
agents from the human to the veterinary clinic, or even of more affordable generics when
available. It is striking to see the lack of research regarding targeting of PDGFRs in canine
melanoma, HER2 in canine invasive TCC, CXCR4 in mammary carcinoma and IGF-1R
in canine osteosarcoma, all highly expressed molecular targets whose targeting is being
evaluated in the human clinic for the respective malignancies. The results of the ongoing
human trials, when encouraging, will hopefully spur research in the veterinary setting. In
the opposite direction, from the veterinary to the human setting, while targeting of folate
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receptors has shown great promise in the treatment of dogs with invasive TCC, no reports
have been found in human TCC patients and all seems to indicate that also these patients
could benefit from the approach.

Table 4 Overview of the molecular targets and targeted therapy drugs for canine and feline
cancers discussed in this review.

Molecular Homology Homology Cancer

target dog (%)*  cat (%)* Targeted agent Tested in Ref.
EGFR 91.5 91.7 HNSCC  Gefitinib Feline cells [44,45]
siRNA Feline cells [44]
TCC EGF-anthrax Dogs [49]
toxin
Can225IgG- Canine xenograft [50]
IRDye700DX mouse
OSA Gefitinib Canine cells [54]
Erlotinib Canine cells [55]
Erbstatin Canine cells [56]
MC Cetuximab Canine cells [61]
Gefitinib Canine/feline cells [62]
Can2251gG Canine cells [63]
siRNA Canine cells [62]
MM - - [67]
HER2 93.7 92.9 TCC - - [70-72]
OSA - - [77]
MC Trastuzumab Canine cells [61]
AGR825 Canine/feline cells [62]
siRNA Canine/feline cells [62]
MM - - [67]
PDGFRa/f  95.9/90.2 95.4/89.8 OSA - - [91]
MM - - [95]
c-Met 89.9 90.0 OSA shRNA Canine cells [98]
PHA-665752 Canine cells [98]
PF2362376 Canine cells [101]
IGF-1R 98.2 98.1 OSA - - [103,104]
MM - - [109-111]
IGF-2R 85.6 85.7 OSA - - [116]
FRa 80.5 75.7 TCC EC0905 Dogs [118]
EC0531 Dogs [119]
EP2 89.0 92.1 TCC - - [72]
MCT1/4 88.6/87.6 88.4/88.0 HNSCC  MD-1 Feline xenograft [124]
mouse
CD146 81.9 83.6 MM - - [127,128]
CXCR4 95.8 94.9 MC - - [130-132]

*The protein sequences of the human, canine and feline molecular targets were found in the
Protein NCBI database and aligned with Protein BLAST having human as the reference sequence.
EGFR: epidermal growth factor receptor; HER2: human epidermal growth factor receptor 2;
PDGFR-a/B: platelet derived growth factor receptor a/B; c-Met: tyrosine-protein kinase Met; IGF-
1/2R: insulin-like growth factor 1/2 receptor; FRa: folate receptor a; EP2: prostaglandin E2
receptor 2; MCT1/4: monocarboxylate transporter 1/4; CD146: cluster of differentiation 146;
CXCR4: C-X-C chemokine receptor type 4; HNSCC: head and neck squamous cell carcinoma;
TCC: transitional cell carcinoma; OSA: osteosarcoma; MC: mammary carcinoma; MM:
malignant melanoma.
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Figure 2 Promising molecular targets for the development of anticancer targeted therapies in
humans and companion animals. 1. Most advanced and utilized targets with high homology across
species for the five most well-characterized cancer types: EGFR and HER2. Other very promising
targets: FR, CXCR4, IGFR-1 and PDGFR. 2. Signal deregulation of these membrane proteins,
mostly tyrosine kinase receptors, leads to cell proliferation, survival, migration and
tumorigenesis. 3. Categories of therapies most often used to interfere with the targets
extracellularly or intracellularly.
EGFR: epidermal growth factor receptor; HER2: human epidermal growth factor receptor 2;
PDGFR: platelet derived growth factor receptor; IGF-1R: insulin-like growth factor 1 receptor;
FR: folate receptor; CXCR4: C-X-C chemokine receptor type 4. TKI: tyrosine kinase inhibitor.

It is well known that tumor heterogeneity plays a crucial role in the development of drug
resistance and patients can clearly benefit from multimodal approaches affecting multiple
protumoral pathways. Drawing conclusions from the reviewed data in humans and
companion animals, combinations should eventually be considered for the treatment of
OSA (including EGFR or PDGFR targeting), HNSCC (with c-Kit inhibition), and
mammary carcinoma (using multi-TKIs). As evidenced by this review, the majority of
targeted therapies investigated in the veterinary clinic consist of monoclonal antibodies
and TKIs. Nowadays, an increasing number of other targeting agents (such as inhibitors
of the proteasome and heat shock proteins) are also being assessed, mainly in dogs with
hematologic cancers [173]. Advances in the human oncology field and the growing
interest in comparative oncology will certainly expand the exploration of more and novel
targeted therapies in veterinary patients.
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The benefits that can arise from an intricate relationship between human and
veterinary clinic are nicely exemplified by the successful story of the drug toceranib
phosphate, the first agent approved for anticancer targeted therapy in dogs. The evaluation
of toceranib phosphate in dogs with different spontaneous cancers showed the first
evidence for the use of an oral TKI as cancer treatment. These findings helped the
development of its structural analogue, sunitinib, which is currently approved as a
treatment for several human cancers [9]. Interestingly, the analogue intended for human
use received approval in 2006, 3 years before toceranib phosphate was approved in the
veterinary clinic, which evidences again the reasonably greater interest in human
medicine. Overall, this is an example of successful implementation of comparative
oncology in the field of targeted therapy, beneficial for both human and veterinary
patients. Within this field, other multi-TKI are also starting to show this benefit across
species. Dasatinib, already approved in the human clinic, is now being evaluated in
veterinary patients [137]. In the opposite direction, masitinib is currently being evaluated
in humans, but was first approved to treat companion animals [138]. Another good
example of this comparative approach is the case of NHS-IL12, an antibody-cytokine
conjugate. This immunotherapy was first evaluated in dogs with melanoma to study its
safety, antitumor activity and pharmacological properties, which informed the design of
the first-in-human clinical trials [175].

The limited development of targeted therapies in veterinary oncology can be
ascribed to several factors: from biological concerns such as the lack of epitope homology
between the human and canine/feline target or the hypersensitive reaction to species
antibodies, to economic reasons such as a less attractive veterinary oncology market for
the industry or the few opportunities for funding [176]. Clinical trials in companion
animals allow for data to be collected relatively fast in comparison to human studies. Still,
completion of a study may take over a year and carries associated costs, particularly
regarding large scale drug production and the clinical services, facilities and
instrumentation. Another difficulty is the recruitment of cases for a veterinary trial, which
will be dependent on the incidence of the particular cancer and the relatively early
diagnosis to allow for treatment benefit. In this respect, a close collaboration with regional
veterinary clinics can definitely be of value. One should not forget that treatment-related
toxicities are less acceptable in veterinary medicine, a reason why many successful
medicines in the human clinic are not being evaluated in veterinary patients.
Opportunities may arise here for targeted therapies, which are known to be tumor-
selective to some extent, and thus provide a safer setting. To minimize adverse effects,
not only is important to verify the presence of the target at the tumor, but also overall
target expression and the interactions of the drug with the species target. Although not
common, surface expression pattern between species can differ significantly. This led, for
instance, to the TGN1412 catastrophe in 2006 [177]. In this respect, theranostic strategies
that combine targeted detection before therapy seem a safe approach. Also important is
the realization that similar expression pattern does not necessarily translate to identical
biological behaviour across species. While most studies in the field rely on
immunohistochemistry and PCR techniques to assess expression of a handful of targets,
only recently more sophisticated techniques are starting to be introduced that allow for
unbiased cross-species analysis, such as wide-genome characterization of the cancer
[178] and RNA-sequencing of subpopulations of stroma and neoplastic cells [14,179].
Such unbiased analysis enables to investigate similarities between species and to identify
new therapeutic targets.

Altogether, when relevant and feasible, breaking the current linearity of drug
development programs (mainly from rodents to humans) by incorporating veterinary
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patients can guide the successful implementation of therapeutics in humans, or aid in
identifying failure earlier.

Conclusion

The use of comparative oncology for translational research of targeted therapies is of
benefit for both human and veterinary patients. While improving the translational success
rate of these therapies from preclinical to clinical studies, dogs and cats get access to
otherwise inaccessible novel therapies. Equally important, targeting therapeutic agents
approved for human use can be a potential treatment for dogs and cats with tumors
expressing the molecular target in question. Clearly, researchers in the field of veterinary
and human oncology could help each other and, more importantly, their patients by
working closely together.
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Chapter 5

Abstract

Nanobody-targeted photodynamic therapy (NB-PDT) has been developed as a potent and
tumor-selective treatment, using nanobodies (NBs) to deliver a photosensitizer (PS)
specifically to cancer cells. Upon local light application, reactive oxygen species are
formed and consequent cell death occurs. NB-PDT has preclinically shown evident
success and we now aim to treat cats with oral squamous cell carcinoma (OSCC), which
has very limited curative options so far and is regarded as a natural model of human head
and neck SCC. Immunohistochemistry of feline OSCC tissue confirmed that the
epidermal growth factor receptor (EGFR) is a relevant target with expression in cancer
cells and not in the surrounding stroma. Three feline OSCC cell lines were employed
together with a well-characterized human cancer cell line (HeLa), all with similar EGFR
expression, and a low EGFR-expressing human cell line (MCF7), mirroring the EGFR
expression level in the surrounding mucosal stroma. NBa was identified as a NB binding
human and feline EGFR with comparable high affinity. This NB was developed into
NiBh, a NB-PS conjugate with high PS payload able to effectively kill feline OSCC and
HeLa cell lines, after illumination. Importantly, the specificity of NB-PDT was confirmed
in co-cultures where only the feline OSCC cells were killed while surrounding MCF7
cells were unaffected. Altogether, NiBh can be used for NB-PDT to treat feline OSCC
and further advance NB-PDT towards the human clinic.
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Introduction

Nanobody-targeted photodynamic therapy (NB-PDT) has been developed in the last 6
years as a highly tumor-selective treatment [1-8]. This strategy makes use of nanobodies
(NBs) to deliver a photosensitizer (PS) in the form of NB-PS conjugates specifically to
tumor cells. NBs are the smallest naturally-derived antigen-binding fragments (~ 16 kDa),
which constitute the variable domain of heavy-chain antibodies occurring in Camelids
and cartilaginous fish [9]. Photosensitizers are light-activatable compounds that, upon
accumulation in the tumor, can be excited by light of a particular wavelength locally
applied at the tumor site, leading to the formation of reactive oxygen species and
consequent cell death [10,11]. In this respect, two levels of specificity, i.e. tumor targeting
via NBs and local PS activation, make it possible to effectively kill cancer cells, while
sparing surrounding healthy tissue.

NB-PDT has proven to be very specific in the in vitro setting for a wide range of
membrane receptors, including epidermal growth factor receptor (EGFR) [1,2], human
epidermal growth factor receptor 2 (HER2) [3], US28 G protein-coupled receptor
(GPCR) [4] and the hepatocyte growth factor receptor (c-Met) [5]. By taking advantage
of the overexpression of such membrane proteins in cancer cells (or their absence in
normal cells, as for US28), the greater association of PS with cancer cells combined with
local illumination leads to cancer-specific cytotoxicity. /n vivo, NB-PDT induces
extensive damage to the tumor [2] and causes significant tumor regression after one single
treatment session [3]. Permanent vascular effects including vasoconstriction, reduced
perfusion and leakage have also been observed in the tumor area after NB-PDT [6].
Furthermore, the first indications of immunogenic cell death induced by NB-PDT have
been recently reported [7], which suggests that antitumor immunity can be triggered
[12].These three antitumor mechanisms, i.e. direct tumor cell killing, tumor-associated
vasculature effects and antitumor immunity, have been described for both conventional
PDT [10] and antibody-targeted PDT [13]. Nevertheless, preclinical data indicate that
NB-PDT offers advantages over these two PDT approaches.

Conventional PDT is nowadays used for many oncological indications, such as
basal cell carcinoma, oesophageal cancer and head and neck squamous cell carcinoma
(HNSCC) [10]. Despite good outcomes, the passive accumulation of the (usually
hydrophobic) PS in the tumor generally leads to light application 24-72 hours after
injection, and the slow tissue clearance of the PS causes skin photosensitivity for
days/weeks after treatment [10,11]. Active targeting is achieved with antibody-targeted
PDT, a strategy under evaluation in a phase III clinical trial for the treatment of HNSCC
(NCT03769506). Here, the anti-EGFR antibody cetuximab is conjugated to the water-
soluble PS IRDye700DX. However, the use of such a relatively large antibody with long
circulation times still leaves several points of improvement, especially regarding tumor
distribution of the conjugate and its slow clearance. The benefits of NB-PDT, which also
uses IRDye700DX as PS, are the small size and high affinity of NBs which now guide
the pharmacokinetics of the PS [2,3]. These properties are responsible for the observed
rapid and homogeneous accumulation of the conjugate in the tumor. Thus, illumination
shortly after injection is feasible, which substantially improves the logistics of this
treatment modality. Moreover, due to their small size, these conjugates are rapidly cleared
from circulation by the kidneys, which potentially reduces the skin phototoxicity period
after treatment. Altogether, the promise of NB-PDT is evident, and this prompts the next
logical step of further translation to the clinic.

In view of clinical translation, EGFR-targeted NB-PDT has already been proven to
be effective and selective using patient-derived HNSCC organoids and corresponding
normal tissue organoids derived from the same patient [8]. Importantly, low/moderate
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EGFR levels were found on this patient cancer material, in comparison to common
HNSCC cell lines. Although this led to a less potent effect of NB-PDT, tumor organoids
were still killed, while normal organoids were unaffected. This highlights the importance
of assessing treatment efficacy in the context of clinically relevant target expression. As
the next step, we have directed ourselves to the possible application in oncological animal
patients aiming to treat spontaneous tumors with high biological relevance; in particular,
cats with oral squamous cells carcinoma (OSCC). From all feline tumors, 10% of these
occur in the oral cavity, being SCC the most abundant among these oral malignant tumors
[14]. OSCC are fast-growing tumors and locally invasive, but they have a low metastatic
potential. Limited success in the treatment of such tumors has been achieved so far by
radiotherapy, chemotherapy, surgery or a combination of these [15,16]. For most
therapies, the medium survival time after diagnosis is around 3 months, where euthanasia
is usually the only option due to the poor quality of life and limited options for a
successful treatment [17]. The poor response of feline OSCC to current treatments, the
superficial nature of these lesions and infrequent metastasis account for the decision to
investigate NB-PDT as a new treatment for these patients. In addition, feline OSCC shares
similar pathogenesis, tumor biology and molecular markers with human head and neck
squamous cell carcinoma (HNSCC) [18], making it a very relevant choice to facilitate
and accelerate translation to human patients. The fact that conventional PDT is already
part of the arsenal to combat HNSCC in the clinic, reinforces the choice to treat feline
oral cancer with (targeted) PDT [10]. As a molecular target to be used by NB-PDT in
feline OSCC, EGFR is a relevant choice due to its overexpression in HNSCC [19] as well
as feline OSCC [20,21]. Furthermore, the high homology of this protein between both
species (92 %, NCBI BLAST) broadens the possibilities to find cross-reactive NBs to the
human and feline receptor to allow a smoother transition to the human clinic.

In this study, we describe the in vitro characterization of a species cross-reactive
NB and its use for EGFR-targeted NB-PDT on a panel of feline OSCC cell lines, i.c.
SCCF1, SCCF2 and SCCF3 cells. Bearing in mind the translation to the human clinic, a
human cancer cell line (HeLa) with clinically relevant target expression was taken along,
with EGFR levels in the range of human head and neck cancers [8]. With the goal to
demonstrate the specificity of this approach, a major advantage of NB-PDT, a human low
EGFR-expressing cell line was included in the study (MCF7) as representation of the
stroma cells of the normal oral mucosa [22,23]. The fact that moderate membrane EGFR
levels are expected in the clinical setting [8,23], together with the successful results
obtained so far in clinical trials with antibody-PS conjugates bearing high PS to antibody
ratios (NCT02422979) [24,25], led us to develop a NB-PS conjugate with high payload
(average of 2.5 PS molecules per NB), named NiBh. This attractive conjugate maintained
high affinity across species and target-specific potency when used for NB-PDT,
highlighting its potential to treat cats with oral carcinoma and further advance the
application of NB-PDT in the clinic.

Materials and Methods

Cell lines and culture

The human cervical adenocarcinoma cell line HeLa and the human mammary
adenocarcinoma cell line MCF7 were purchased from ATCC (ATCC CCL-2 and HTB-
22). The feline oral squamous cell carcinoma cell lines SCCF1, SCCF2 and SCCF3 were
kindly provided by Dr. Rosol (Ohio University). SCCF1 derives from a laryngeal SCC,
SCCF2 from a bone-invasive gingival SCC and SCCF3 from a lingual SCC [26,27]. All
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cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with high glucose
and ultraglutamine 1 (Lonza, Basel, Switzerland) supplemented with 10% foetal bovine
serum (FBS) (Sigma-Aldrich, Zwijndrecht, the Netherlands), 100 U/mL penicillin and
100 pg/mL streptomycin (Sigma-Aldrich). Cells were cultured at 37 °C and 5% CO:a.

Nanobody and conjugation to fluorophore/photosensitizer

NBa was identified from a previous panel of NBs selected against the extracellular
domain of human EGFR described in [28], particularly from a screen of NBs that inhibit
EGF binding to EGFR. NBa was produced and purified from the periplasmic fraction of
E. Coli as previously described [29].

For fluorescence detection, NBa was conjugated to the fluorophore Alexa Fluor 647
NHS ester (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s protocol,
yielding a degree of conjugation (DOC), i.e. PS to NB ratio, of 1. Briefly, NBa in PBS
was incubated with the fluorophore for 2 hours at room temperature, in a molar ratio of 1
to 4. Thereafter, free fluorophore was removed by size exclusion chromatography using
three consecutive Zeba Spin Desalting Columns (Thermo Fisher Scientific, Perbio
Science Nederland, Etten-Leur, the Netherlands).

For NB-PDT assays, NBa was conjugated to the PS IRDye700DX (LI-COR,
Biosciences, Lincoln, NE, USA). For this, the provider’s protocol was followed,
controlling the conjugation conditions to achieve NB-PS conjugates with DOC 0.5, 1 and
2.5, the latter referred to as NiBh. Free PS was removed using four consecutive Zeba Spin
Desalting Columns. Further characterization of the NB-PS conjugates was performed as
described in the Supplementary Materials.

Immunohistochemistry

Paraffin-embedded tissue blocks of feline OSCC were obtained from the archive of the
Pathology division of the Veterinary Faculty at Utrecht University. Ten cases which
contained OSCC as well as normal oral epithelium within the same tissue block were
selected. For immunohistochemistry, 4 pum-thick tissue sections were mounted onto
slides, deparaffinized and rehydrated. Antigen retrieval took place for 4 minutes at 37 °C
with proteinase K (DAKO, Amstelveen, the Netherlands, cat no. S3020). Endogenous
peroxidase was blocked with dual endogenous enzyme block (DAKO, S2003) for 10
minutes at room temperature and tissue was then blocked with PBS + 0.1 % Tween
(PBST) + 10 % BSA for 1 hour at room temperature. Tissue was incubated overnight at
4 °C with mouse anti-EGFR antibody (Thermo Fisher Scientific, MA5-13269) diluted
1:100 in PBST + 1 % BSA. This primary antibody is a species cross-reactive antibody
known to bind EGFR in dog, human, mouse, sheep, non-human primate and cat. Its
detection was performed with the kit Envision + System-HRP anti-mouse (DAKO,
K4401) for 30 minutes at room temperature. Staining was visualized by applying DAB
chromogen (DAKO, K3468) and reaction stopped after 4 minutes. Slides were
counterstained with hematoxylin. Canine skin was used as positive control tissue. As
negative control, normal mouse IgG (Santa Cruz Biotechnology, Heidelberg, Germany,
cat no. sc-2025) was used instead of the primary antibody. Immunoreactivity was
evaluated as the product of percentage of positive tumor cells (1 =<10 %, 2 = 10-30 %,
3 =31-60 %, or 4 =>60%) and staining intensity (1 = low, 2 = moderate, 3 = high), as in
previous publications [20,30]. Scores > 2 were considered positive. To quantify staining
intensity, ImageJ was used for deconvolution of the DAB color spectra and the optical
density recorded in the regions of interest (tumor nests or basal layer of normal
epithelium). Outcome was verified by an experienced veterinary pathologist (Guillaume
C.M. Grinwis).
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For immunohistochemistry with fluorescence detection, slides were subjected to
the same steps as explained above. However, after incubation with the primary antibody,
goat anti-mouse Alexa 555 (Invitrogen, A21424) was used as the secondary antibody
(1:200 in PBST + 1% BSA) for 1 hour at room temperature. Alternatively, to detect EGFR
with NBa instead, 10 nM of directly labeled NBa-Alexa 647 were incubated overnight at
4 °C. Slides were counterstained with DAPI (Roche, Basel, Switzerland). Images were
taken with a Confocal Laser Scanning Microscope (Carl Zeiss Microscopy GmbH,
Germany, LSM700) using a plan-apochromat 63x/1.40 Oil DIC and 20x/0.8 M27
objectives.

Binding assay

To assess the apparent binding affinity (Kp) of NBs on EGFR-expressing human and
feline cells, 10.000 cells per well were seeded in 96-well plates and incubated at 37 °C.
The next day, cells were incubated for 2 hours at 4 °C with a concentration range of NB
(0.2 - 100 nM) in binding medium (DMEM without phenol red, supplemented with 25
mM HEPES and 1 % BSA, pH 7.2). Unbound NB was washed off and cells fixed with
4% PFA (Merck, Haarlem, the Netherlands) for 10 minutes at room temperature. Bound
NB was detected by incubating with rabbit anti-VHH antibody (QVQ, Utrecht, the
Netherlands, cat no. QE19) for 1 hour at room temperature (1:1000 in PBS + 1% BSA)
followed by goat anti-rabbit IRDye800CW for 1 hour at room temperature (1:2000 in
PBS + 1% BSA). Fluorescence at 800 nm was detected with an Odyssey infrared scanner
(LI-COR). To assess the apparent binding affinity of the conjugates NBa-PS and NiBh,
the same procedure was followed, but plates were directly scanned at 700 nm after
washing off the unbound conjugate. Data was analyzed with GraphPad Prism software
(GraphPad, La Jolla, CA, USA) and Kp values determined using a non-linear fit with one-
site specific binding.

The binding of NiBh was also assessed in the presence of EGF. For this, 10 nM of
NiBh was incubated with the cells in the absence or presence of an equimolar
concentration of EGF or a 10x molar excess of EGF (R&D Systems, Minneapolis, MN,
USA, cat no. 236-EQG).

Flow cytometry

Cells were added in a U-bottom 96 well-plate (10° cells per well), washed once with PBS
+ 1% BSA and incubated for 45 minutes at 4 °C with 20 nM of mouse anti-EGFR
antibody. After washing, secondary antibody goat anti-mouse Alexa 488 diluted 1:200
was added and incubated with the cells for 30 minutes at 4 °C. Alternatively, to detect
EGEFR with NBa instead, 40 nM of labeled NBa-Alexa 647 was incubated with the cells
for 30 minutes at 4 °C. Unstained controls and samples stained with secondary antibody
only were taken along for each cell line. Measurements were performed with a FACS
Canto II (BD Biosciences, San Jose, CA, USA) and further analyzed with FlowLogic
software (Inivai Technologies). The fluorescence intensity of both fluorophores was
normalized to compare both in a single graph.

Immunofluorescence on cells

Ten thousand cells per well were seeded in 16 wells Lab-Tek Chamber Slides (Thermo
Fisher Scientific, 178599) and incubated at 37 °C. The next day, cells were washed with
binding medium and co-stained with 20 nM mouse anti-EGFR antibody and 40 nM NBa-
Alexa 647 in binding medium. Incubation took place for 1.5 hours at 4 °C and,
subsequently, the cells were fixed with 4% PFA for 10 minutes at room temperature. The
secondary antibody goat anti-mouse Alexa 488 (Invitrogen, A11029) was added for 1
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hour at room temperature (1:200 in PBS + 1% BSA). Cells were stained with DAPI and
imaged with a confocal microscope.

Nanobody-targeted photodynamic therapy

NB-PDT was performed as previously described [1]. Briefly, cells were seeded in 96-
well plates (10.000 cells/well) one day before the assay and incubated at 37 °C. The next
day, cells were incubated with a concentration range of NB-PS conjugate (0.78 — 100 nM)
for 30 minutes at 37 °C in PDT medium, i.e. DMEM without phenol red and L-glutamine
(Lonza) supplemented with 10% FBS and antibiotics. Unbound conjugate was washed
off and the plate was scanned with the Odyssey scanner at 700 nm to detect association
of the conjugate with cells. Thereafter, cells were illuminated with 7 mW/cm? for 59
minutes (25 J/cm?) using a 690 nm laser (Modulight ML7700, Tampere, Finland).
Fluence rate was monitored with an Orion/PD optometer (Ophir Optronics, Jerusalem,
Israel). After illumination, the plates were placed back at 37 °C.

NB-PDT was also performed with an excess of NBa, i.e. under competing
conditions, with some minor adjustments of the above-mentioned protocol. Briefly,
before adding NiBh (50 nM), cells were pre-incubated for 10 minutes at 37 °C with 10x
or 50x molar excess of NBa. The unconjugated NB was present as well during the
incubation with NiBh. In a different experiment, NB-PDT was performed in the presence
of 25 mM or 50 mM sodium azide, as a quencher of singlet oxygen [31]. In this case,
sodium azide was added to the cells only during the illumination time.

Cell viability and cell death after NB-PDT

One day after NB-PDT, cells were incubated with Alamar Blue reagent (Bio-Rad,
Hercules, CA, USA) to assess viability, according to the protocol of the manufacturer.
Fluorescence was measured with a FLUOstar Optima microplate reader (BMG Labtech,
Ortenberg, Germany) and results expressed as cell viability in percentage relative to
untreated cells. The median lethal dose (LD50), i.e. concentration of conjugate to achieve
50% of cell death, was determined using GraphPad Prism software with a log (inhibitor)
vs normalized response fit.

Alternatively, 2 and 24 hours after NB-PDT, live and dead cells were distinguished
by staining with calcein AM (Invitrogen) and propidium iodide (PI) (Invitrogen) at a final
dilution of 1:2000 and 1:1000, respectively, for 10 minutes at 37 °C. Cells were imaged
with an EVOS microscope (Thermo Fisher Scientific) using transmitted light, a GFP cube
for calcein AM, and a RFP cube for PI.

Co-cultures and specificity assays

SCCF2 and MCF7 cells were brought in suspension and labeled with the cell tracking
dyes ViaFluor 405 and ViaFluor 488 (Biotium, Amsterdam, the Netherlands, cat no.
30068 and 30086), respectively, according to the provider’s protocol. Both cell lines
were mixed in a ratio 1:1, seeded in 16 wells Lab-Tek Chamber Slides (Thermo Fisher
Scientific) at a density of 10.000 cells per well and cultured at 37 °C. Cells were used
the next day for further assays.

The co-cultures were incubated with 50 nM of NBa-Alexa 647 in culture medium
for 30 minutes at 37 °C. Alternatively, NBa-Alexa 647 was incubated for 1 hour at 4 °C
in binding medium. Thereafter, cells were fixed, stained with DAPI and imaged with a
confocal microscope.

In a different assay, co-cultures were treated with NB-PDT using 50 nM of NiBh.
Cells were placed back in the incubator and, 2 hours after illumination, cells were
stained with PI (1:1000) and directly imaged with a confocal microscope.
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Results

EGFR is expressed in feline oral squamous cell carcinoma and in normal oral
epithelium

As EGFR has been described to be overexpressed in feline OSCC [20,21],
immunohistochemistry was performed on 10 cases of feline OSCC to investigate the
expression of this protein in neoplastic cells and to elucidate its presence in cells of the
surrounding normal oral mucosa (epithelium and stroma). EGFR presence, with
predominant cell membrane localization, was detected in neoplastic cells forming nests
and trabecula, and not found to be expressed in the surrounding stroma cells (Figure 1a,
right). On the other hand, membranous EGFR expression was also detected in the normal
adjacent oral epithelium, more prominently in the basal cell layer and decreasing towards
the outer, more differentiated epithelial layers (Figure la, left). Interestingly, a similar
pattern of differentiation and loss of EGFR expression was observed towards the core of
large neoplastic nests which typically contain more differentiated neoplastic cells that can
even show keratinization. For all 10 studied cases, EGFR positivity in the basal epithelial
layer of preexisting normal epithelium was in the same range as in the neoplastic nests
(Figure 1b). Accordingly, nine of the ten investigated cases expressed intermediate to
high EGFR levels in the neoplastic nests, but EGFR was not overexpressed compared to
the expression observed in the basal layer of the epithelium (Figure 1¢). Altogether, these
observations support that EGFR is a relevant target due to its expression in tumor cells
and its absence in stroma.
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Figure 1 EGFR expression in feline OSCC and surrounding tissue. Immunohistochemistry was
performed in 10 cases of OSCC with normal adjacent oral epithelium. (a) Representative images
are shown of neoplastic nests compared to normal neighbouring epithelium (left) and neoplastic
nests surrounded by stroma (right), for two cases with strong (top) and intermediate (bottom)
EGFR expression. Scale bar, 100 um (left images) and 50 pm (right images). (b) Quantification
of the EGFR signal in neoplastic nests (Tumor), mucosal stroma (Stroma) and basal layer of the
adjacent oral epithelium (Epithelium) per case. (¢) Immunoreactivity score and classification of
each case based on EGFR intensity calculated in B and % of positive tumor cells.
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NBais a species cross-reactive NB targeting EGFR in human and feline cells

Having identified EGFR as a promising molecular target in feline oral carcinoma, we first
confirmed the presence of membrane EGFR on three feline OSCC cell lines (SCCF1,
SCCF2 and SCCF3), in comparison to two well-characterized human cancer cell lines
(HeLa and MCF7) (Figure S1). This was performed with flow cytometry using a
commercial EGFR-targeting, species cross-reactive antibody. Thereafter, the binding
affinity of a panel of NBs originally selected against human EGFR (with binding
affinities, Kp, < 10 nM) was assessed on SCCF1 cells. From this NB panel, NBa was
identified as the most promising candidate due to its high binding affinity (Kp ~ 0.44 nM)
for feline cells (Figure 2a). To further investigate the species cross-reactivity of NBa and
its EGFR specificity, its binding to the three feline OSCC cell lines and the two human
cancer cell lines was evaluated using flow cytometry and immunofluorescence. As a
reference, the commercial EGFR-targeting antibody was used. NBa was first conjugated
to the fluorophore Alexa 647 (with binding affinity comparable to NBa, data not shown)
to enable direct detection in the assays. The three feline OSCC cell lines had EGFR levels
in the range of HeLa cells, while the fluorescence signal was minimal on the low EGFR-
expressing MCF7 cells (Figure 2b, 2¢). The same EGFR expression trend and pattern on
the different cell lines was detected by the reference antibody, indicating the capability
of NBa to bind both human and feline EGFR (Figure 2b, 2c). Further supporting this,
EGFR was also detected by NBa (and the commercial antibody) on feline OSCC tissue
(Figure 2d), predominantly at the basal epithelium and neoplastic nests.

NiBh, a NBa-PS conjugate with high payload, is a potent and specific agent for
EGFR-targeted PDT

NBa was conjugated to the PS aiming to obtain conjugates with a different degree of
conjugation (DOC), i.e. PS to NB ratios, in order to increase the PS density on tumor cells
and, thus, cytotoxicity upon illumination. Accordingly, three conjugates were synthesized
with 0.5, 1 or 2.5 PS molecules per NB molecule, named NBa-PS(0.5), NBa-PS(1) and
NiBh, respectively. The conjugates were characterized in terms of purity by SDS-PAGE
and the PS absorbance spectra was acquired, showing that the absorbance properties of
the PS were not affected when conjugated to the NB, regardless of the DOC (Figure S2).
Although the apparent binding affinities of the conjugates to both human and feline cells
were slightly affected with an increasing degree of PS modification, the affinities still
remained in the low nanomolar range (Figure 3a). Furthermore, the specificity of the
conjugates for (feline) EGFR was verified by using EGFR knockdown SCCF1 cells,
which resulted in a considerably reduced binding of the conjugate (Figure S3). When
employing these conjugates for NB-PDT, it is evident that the use of NiBh resulted in the
highest fluorescence (or density) of PS associated with the cells (Figure 3b) and, after
illumination, NiBh was the only conjugate that induced significant cytotoxicity to the
feline cells (Figure 3c).
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Figure 2 EGFR expression on human and feline cells and tissue detected by NBa. (a) A binding
assay was performed with representative NBs, previously selected against human EGFR, using
feline SCCF1 cells. The graph displays the binding curves of several NBs to SCCF1 cells. The
apparent binding affinities (Kp) of the different NBs are shown. (b) and (c) Membrane EGFR was
detected on three feline OSCC cell lines (SCCF1, SCCF2 and SCCF3) and two human cancer cell
lines (HeLa and MCF7). (b) Membrane EGFR levels measured by flow cytometry using a
commercial anti-EGFR antibody or NBa-Alexa 647, expressed as median fluorescence intensity
(MFI) and normalized. (c) Confocal microscope images of each cell line co-stained for membrane
EGFR using a commercial species cross-reactive antibody (green, middle panel) and NBa-Alexa
647 (red, bottom panel). Nuclei were stained with DAPI (blue). Merged images are shown on the
top panels. Scale bar, 15 um. (d) Feline OSCC tissue sections stained with NBa-Alexa 647 (left)
or a commercial anti-EGFR antibody (right). Images show an overview of the OSCC tissue
including adjacent normal oral epithelium, and a close-up of the tumor cells. Scale bar, 100 um
(left images) and 15 um (right images).
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Figure 3 Binding affinity and potency of different NBA-PS conjugates. (a) A binding assay was
performed with NBa, NBa-PS(0.5), NBa-PS(1) and NiBh using HeLa (top) and SCCF1 cells
(bottom). The graphs display the saturation binding curves of each targeting molecule per cell
line. Apparent binding affinity (Kp) values of each NB and conjugate are shown. (b) To perform
NB-PDT, a concentration range of NBa-PS(0.5), NBs-PS(1) or NiBh was incubated with SCCF2
cells for 30 minutes at 37 °C. The graph shows the PS signal on cells detected after washing off
unbound conjugate, right before illumination. (c) The viability of the cells was assessed 24 hours
after illumination and expressed in percentage relative to non-treated cells.

NiBh, the NBa-PS conjugate with highest payload, was selected as the best agent for
EGFR-targeting NB-PDT on feline OSCC cells. The special feature of this conjugate is
its high binding affinity to both human and feline cells (Kb~ 7-10 nM) while having DOC
2.5 (Figure 4a). In addition, the specific binding of NiBh to feline EGFR was maintained,
as evidenced by a reduced NiBh binding in the presence of EGF in a concentration
dependent manner (Figure 4b). The potency of NiBh as an agent for NB-PDT was
evaluated using the panel of human and feline cell lines (Figure 4c). HeLa, SCCF2 and
SCCF3 cells were effectively killed after treatment with comparable low nanomolar
LD50 values (HeLa, 15.9 + 3.7 nM; SCCF2, 17.8 £ 2.2 nM; SCCF3, 26 + 3.5 nM). In
line with the very low EGFR expression on MCF7 cells, these cells were only slightly
affected at the highest concentrations of the conjugate. On the other hand, the use of NiBh
for NB-PDT on SCCF1 cells resulted in only slight cytotoxicity, contrary to the other cell
lines with comparable EGFR expression. To further investigate whether the induced
cytotoxicity relies on the specific binding of NiBh to EGFR, NB-PDT was performed in
the presence of an excess of unconjugated NBa. Accordingly, the cytotoxicity decreased
under these competing conditions (Figure 4d). Moreover, the NB-PDT effect could be
inhibited in the presence of sodium azide (NaN3), a singlet oxygen quencher [31] (Figure
4d). To visualize the distinct NB-PDT effect on moderate and low EGFR-expressing
cells, SCCF2 and MCF7 cells were stained with fluorescent dyes denoting live/dead cells
after NB-PDT. Already early after NB-PDT (2 hours), dead SCCF2 cells were clearly
distinguishable and their number increased over time, while only a very small number of
dead MCF7 cells could be detected one day after treatment (Figure 4e).
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Figure 4 Specific binding and potency of NiBh. (a) A binding assay was performed with NiBh
using the panel of human and feline cell lines (HeLa, SCCF1, SCCF2, SCCF3 and MCF7 cells).
The graph displays the saturation binding curves of NiBh to each cell line from which Kp values
were calculated. (b) Binding of NiBh (10 nM) to SCCF2 cells in the absence or presence of
equimolar concentration and 10x molar excess of EGF. The fluorescence corresponding to bound
NiBh under each condition is displayed in the graph. (c) NB-PDT using NiBh was performed on
the panel of cell lines and, one day later, viability was assessed. The graph shows viability curves
for each cell line, in percentage relative to untreated cells. (d) NB-PDT (50 nM NiBh) was
performed on SCCF2 cells in the absence or presence of a molar excess of unconjugated NBa.
NB-PDT was also performed in the presence of sodium azide (NaNs). A control consisting of
cells exposed to light, but no conjugate, was included. Cell viability was assessed the next day
and represented as percentage relative to untreated cells. (¢) NB-PDT (50 nM NiBh) was
performed on SCCF2 or MCF7 cells and cells stained with calcein and propidium iodide to
visualize live (green) and dead (red) cells, respectively. A control in which light was applied, but
no conjugate, was taken along. Images were taken 2 and 24 hours after NB-PDT. Scale bar, 20
pum.

NB-PDT using NiBh results in the specific killing of feline OSCC cells while leaving
surrounding low EGFR-expressing cells unaffected

To investigate the specificity of NiBh for NB-PDT in a representative and biologically
relevant setting, co-cultures were set up consisting of feline OSCC cells (SCCF2), as
neoplastic nests, and low EGFR-expressing cells (MCF7) mimicking the surrounding
stroma of the oral mucosa. First, NBA-Alexa 647 was employed to visualize its
differential binding (4 °C) to both cell lines. As anticipated, NBA was found on the
membrane of the feline carcinoma cells, while the detected signal was minimal on the
surrounding low EGFR-expressing cells (Figure 5a, top). The next step was to address
the accumulation of NBA-Alexa 647 in cells after an incubation time mimicking the
incubation with NB-PS conjugate used for the NB-PDT studies (30 minutes at 37 °C).
This revealed a predominant accumulation of the NB in the feline tumor cells both
membrane-bound and internalized (Figure 5a, bottom). Lastly, NB-PDT using NiBh was
performed on the co-cultures and dead cells were visualized via PI staining. Most feline
neoplastic cells were killed shortly after treatment (2 hours), whereas neighboring low
EGFR-expressing cells were left unaffected (Figure Sb).
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(a) SCCF2 cells (b) SCCF2 cells

MCF7 cells NBa Merged MCF7 cells Propidium iodide

Non-treated

NB-PDT

Figure S Specificity of NBa and NiBh in co-cultures. SCCF2 cells were labeled with ViaFluor
405 (blue), MCF7 cells with ViaFluor 488 (green), and co-cultured in a 1:1 ratio. (a) Confocal
images of cells incubated with 50 nM of NBa-Alexa 647 (red) for 1 hour at 4 °C (top) or 30
minutes at 37 °C (bottom). Scale bar, 15 um. (b) Confocal images of cells 2 hours after NB-PDT
with 50 nM of NiBh. Cells were stained with propidium iodide to distinguish dead cells (red).
Scale bar, 15 pm.

Discussion

NB-PDT has emerged as a potent and selective treatment modality for cancer able to
effectively kill cancer cells while sparing surrounding healthy tissue. In particular, the use
of NB-PDT to treat HNSCC has been demonstrated both in vitro [1] and in the preclinical
setting [2,6] with great success. Furthermore, in view of clinical translation, NB-PDT has
shown its value using patient-derived HNSCC organoids [8]. This prompted us to
advance NB-PDT further and the next logical step was to bring this treatment closer to
the human clinic. For this, we first opted to develop NB-PDT for treating companion
animals suffering from spontaneous tumors in the veterinary clinic. In particular, we aim
to treat cats with OSCC, a tumor type greatly resembling human HNSCC, with no current
effective therapeutic options. In the present study, we describe in vitro work that paves
the way to the in vivo application of NB-PDT in cats with OSCC. EGFR was selected as
a target for feline OSCC and, accordingly, NBa was characterized as an EGFR-targeting
NB binding both the human and the feline protein. Next, NBa was conjugated to
IRDye700DX to yield NiBh, a NB-PS conjugate with high payload (average of 2.5
molecules of PS per NB molecule) which retains high binding affinity to both species.
NiBh was subsequently investigated for NB-PDT to specifically kill feline OSCC cells
with EGFR levels comparable to those of neoplastic cells in vivo, whereas neighbouring
low EGFR-expressing cells were left unharmed.

Expression of EGFR in feline OSCC has been reported and suggested as therapeutic
target [20,21]. Looper et al. found moderate/high EGFR expression in 8 of 13 cases [20],
while we found it in 9 out of 10 cases (Figure 1). Despite being a small subset of samples
in both instances, it is clear that EGFR is present in feline OSCC to a significant extent.
EGFR was confined to the cancer cells arranged in neoplastic nests and absent in the
surrounding stroma, which, in the context of NB-PDT, will most likely result in no
damage to the structural component of the oral mucosa. Nonetheless, we compared EGFR
expression in the adjacent normal oral epithelium and observed that the intensity in the
basal layer of this epithelium was similar to the neoplastic cells, in line with the
observations in HNSCC [23,32]. Intermediate and high EGFR levels have been reported
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in feline normal oral mucosa/tongue [20], but never compared side by side with OSCC
tissue. These comparable EGFR levels would render the epithelial cells of the non-
lesional mucosa susceptible to EGFR-targeted PDT, but this is not regarded as a concern
due to the local nature of PDT and rapid regeneration of the feline oral mucosa [33].
Furthermore, conventional PDT has already been applied in cats for the treatment of SCC
and only transient and acceptable local adverse effects were observed with this non-
targeted approach [34-37], thus NB-PDT would further minimize these undesired effects.

We consider EGFR the best target with regard to NB-PDT for treatment of feline
OSCC. Next to EGFR, only soluble molecules (e.g. VEGF and COX-2) have been
reported as highly expressed in feline OSCC [18], which cannot be utilized for NB-PDT.
More is known about markers in human HNSCC, where HER2 and HER3 have gained
attention. Nevertheless, while EGFR is expressed in more than 90 % of HNSCC and is a
clinically validated therapeutic target in HNSCC [38], the other two family members are
less commonly expressed [39] and its targeting has resulted in modest clinical success so
far [40]. Novel biomarkers for HNSCC that could be used for NB-PDT are emerging,
such as CD44, c-Met and PD-L1 [38,41], but further studies are warranted and their
presence in feline OSCC is unknown.

It has been described that HNSCC cell lines express higher EGFR levels than what
is generally found in the cancer tissue [23]. Therefore, our aim was to ensure that we work
with cells expressing clinically relevant EGFR levels, to assess the extent of cytotoxicity
induced by NB-PDT that can be expected in the clinic. All feline OSCC cell lines
presented membrane EGFR levels comparable to HeLa cells. This is in agreement with
our results obtained with patient-derived HNSCC organoids, for which EGFR expression
levels were also in the range of HeLa cells [8]. With the idea of clinical relevance in mind,
MCEF7 cells served as very low EGFR-expressing cells [22], representing the adjacent
stroma present around the neoplastic nests in feline OSCC. The first proof of the ability
of NBa (originally selected against human EGFR) to recognize human and feline EGFR
was denoting these differences in EGFR expression between the cell lines, with a
comparable trend to a commercial EGFR-targeting, species cross-reactive antibody
(Figure 2). This makes NBa the first reported NB to bind a feline target, thus joining the
small group of NBs developed against targets in companion animals, next to the canine
HER2-targeting NBs [42].

In order to use NBa for NB-PDT, the critical step of conjugation to the PS was
carefully considered. NB-PDT makes use of NB-PS conjugates with good
pharmacokinetics for PDT due to the small size of NBs. At the same time, however, this
small size allows for only a modest amount of payload (0.5 - 1.5 molecules per NB)
without affecting the overall binding affinity of the NB [43]. On the other hand, one
antibody can easily carry 3 - 4 drug molecules [24,44]. So far, NB-PDT has proven potent
using monomeric and dimeric NB-PS conjugates with DOC 0.5 — 1.5, using moderate
and high expressing cell lines [2,3]. Dimeric NBs (e.g. internalizing biparatopic NBs)
facilitate the incorporation of a higher number of PS molecules and have proven to be
very potent in vitro [1], but their penetration in a solid tumor is limited by their larger
molecular size [2,45,46], and thus not the first choice for the clinic in the context of NB-
PDT. To ensure a potent NB-PDT effect in a spontaneous tumor and because clinical
success has been obtained with antibody-PS conjugates with high DOC [24,25], we
developed NBa into NiBh, a monomeric NB-PS conjugate with high DOC (2.5). NiBh is,
to our knowledge, the first functional monomeric NB with such a high number of payload
(e.g. fluorophore or drug) [47].

Importantly, NiBh retained high affinity to both human and feline EGFR, even with
high DOC (Figure 3a). This is, so far, a unique feature of NBa since other species cross-
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reactive NBs lack this comparable affinity across species [42,48]. NiBh could effectively
kill the different cell lines with clinically relevant EGFR expression (LD50 in low
nanomolar range), while cytotoxicity was not induced with NB-PS conjugates with lower
DOC (Figure 3c, 4c). This can be explained by the concept of the threshold dose, which
describes that cellular damage is induced only above a certain concentration of reactive
oxygen species [49]. The NB-PDT effect induced by NiBh was further characterized as
dependent on the binding to EGFR and mediated by the formation of singlet oxygen
(Figure 3d), as reported for antibody-targeted PDT employing the same PS [50]. The
induced cytotoxicity occurred in an EGFR-dependent manner, a correlation that has been
described for NB-PDT with other conjugates [1,8]. Only SCCF1 cells did not behave as
anticipated, since only a moderate NB-PDT effect was observed, while a more
pronounced effect was expected based on the EGFR levels of this cell line. Differences
in PDT-induced cytotoxicity have been attributed to variations in the level of antioxidant
molecules and enzymes expressed by cancer cells, but this was proved not to be the case
for the feline OSCC cell lines (Figure S4). Many other cellular mechanisms play a role in
the degree of PDT cytotoxicity [51] and further investigation would be needed to clarify
the observed differences in response. Of note, it is clear that the cytotoxicity of EGFR-
targeted PDT is independent of EGFR downstream mutations and the presence of
membrane EGFR is the main driver. Another important aspect of NB-PDT that
differentiates it from conventional PDT is its ability to leave illuminated surrounding
normal tissues unharmed. This was indeed the case with NiBh in co-cultures representing
feline OSCC surrounded by low EGFR-expressing stroma cells (Figure 5).

Conventional PDT has already been employed in the veterinary clinic to treat
various cancers, such as oral, bladder and prostate carcinomas in dogs and cats [52-55].
Targeted PDT, however, has not yet been applied in companion animals. Thus far,
antibody-targeted PDT has shown efficacy in a xenograft mouse model of canine bladder
cancer [56], but follow-up studies have not yet been reported. For the treatment of
cutaneous, nasal and facial SCC in cats, conventional PDT has yielded variable responses
depending on stage and tumor location [34-37]; but, as far as we know, there are no
reports concerning treatment of OSCC. We believe that NB-PDT differentiates itself from
the efforts made so far with conventional PDT to treat feline SCC. Potential benefits
associated to NB-PDT are a more rapid and homogeneous tumor accumulation of the PS,
milder local effects due to selective cell killing, increased light penetration through tissues
due to the near infrared wavelengths required to activate the PS IRDye700DX,
combination of imaging and treatment due to the versatility of IRDye700DX to act as a
fluorophore, minimal photosensitivity after treatment, and treatment protocol performed
within one day. These are all strong points to support the use of NiBh to treat feline OSCC
in the clinic and, consequently, our next efforts will be pointed in this direction. In
particular, we will seek to apply NB-PDT as an experimental treatment in client-owned
cats with OSCC, having confirmed moderate/high EGFR expression.

In conclusion, NiBh can be used in vitro to kill feline OSCC cells that express
clinically relevant EGFR levels, while sparing surrounding low expressing cells.
Therefore, this study presents the use of NiBh for NB-PDT as an attractive therapeutic
modality for the treatment of feline OSCC in the veterinary clinic. The species cross-
reactivity of NiBh and the similarities of feline OSCC with HNSCC make NB-PDT a
promising treatment option for human patients and position the translation of NB-PDT to
the human clinic one step closer. In the long term, NiBh could be employed against other
EGFR-expressing cancers and with a potential use in other species as well.
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Conclusions

Our results show the development and characterization of a NB-PS conjugate with high
payload able to bind both human and feline EGFR, and its use for NB-PDT to kill feline
OSCC cells in a specific manner. This paves the way for the application of NB-PDT in
the veterinary clinic to treat cats with OSCC. The species cross-reactivity of the conjugate
and similarities between feline OSCC and human HNSCC open possibilities to further
advance NB-PDT towards the human clinic.
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Chapter 6

Abstract

Photodynamic therapy (PDT) is an anticancer strategy utilizing light-mediated activation
of a photosensitizer (PS) which has accumulated in tumor and/or surrounding vasculature.
Upon activation, the PS mediates tumor destruction through the generation of reactive
oxygen species and tumor-associated vasculature damage, generally resulting in high
tumor cure rates. In addition, a PDT-induced immune response against the tumor has been
documented in several studies. However, some contradictory results have been reported
as well. With the aim of improving the understanding and awareness of the
immunological events triggered by PDT, this review focuses on the immunological
effects post-PDT, described in preclinical and clinical studies. The reviewed preclinical
evidence indicates that PDT is able to elicit a local inflammatory response in the treated
site, which can develop into systemic antitumor immunity, providing long-term tumor
growth control. Nevertheless, this aspect of PDT has barely been explored in clinical
studies. It is clear that further understanding of these events can impact the design of more
potent PDT treatments. Based on the available preclinical knowledge, recommendations
are given to guide future clinical research to gain valuable information on the immune
response induced by PDT. Such insights directly obtained from cancer patients can only
improve the success of PDT treatment, either alone or in combination with
immunomodulatory approaches.
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Introduction

Photodynamic therapy (PDT) is a therapeutic procedure that has proven successful for
the treatment of cancer in the clinic [1], as well as non-oncologic indications [2,3]. PDT
is approved for the treatment of some skin and organ cancers, such as bladder cancer,
squamous cell carcinoma of the head and neck, and esophageal cancer. In addition,
numerous clinical trials continue evaluating the use of oncologic PDT [1,4], highlighting
the promise of this therapy.

PDT involves the administration of a light-activatable molecule or photosensitizer
(PS), which accumulates at the tumor area, driven by the enhanced permeability and
retention effect (EPR), and subsequent local illumination of the tumor tissue to excite the
PS. This triggers photochemical reactions that generate numerous highly reactive oxygen
species (ROS), eventually leading to direct cytotoxic effects on the tumor cells. Of note,
PDT protocols involving a short time interval between PS administration and light
application mainly target the tumor vasculature and, in this context, the tumor cell death
is largely attributed to vascular occlusion, an approach known as vascular PDT [5]. In
either case, damage to surrounding normal tissues is limited and this strategy is thus
considered to be selective to the treated tumor site [6], especially when compared with
other conventional anticancer strategies.

Preclinical studies describe three different but interrelated mechanisms that
contribute to the tumor growth control and occasional complete tumor destruction
observed after PDT treatment [7,8] (Figure 1). First, PDT-generated ROS directly kill
malignant cells at the primary site, via mainly apoptosis, necrosis and/or autophagy.
Secondly, PDT damages the endothelial cells of tumor-associated vasculature, resulting
in a significant decrease in blood flow that can lead to tumor death due to starvation.
These two mechanisms are responsible for the initial tumor ablation, which appears to
trigger an early localized inflammatory response that constitutes the third antitumor
mechanism. This early response can activate the immune system and thereby facilitate
the clearance of remaining tumor cells in the treated site. In a later phase, an adaptive
immune memory may develop as well, leading to a systemic response, capable of
preventing tumor recurrence and the formation of tumor metastases, in the long term.
Immunostimulation in this context appears to be dependent on the two other antitumor
mechanisms, i.e., the type of tumor cell death mediated by ROS and the extent of the
tumor-associated vasculature damage.

Tumor cells benefit from a dysfunctional immune environment incapable of
eliciting an antitumor response partly due to the absence of factors that can stimulate
innate immune cells [9]. PDT seems to overcome this dysfunction by induction of
immunogenic tumor cell death pathways, mainly immunogenic apoptosis and necrosis.
An innate immune response can be triggered by the exposure or release of danger signals
from dying and damaged cells, so-called damage-associated molecular patterns (DAMPs)
[9,10]. These DAMPS alone or in association with tumor antigens can be recognized by
antigen presenting cells (APCs), which may result in the development of an adaptive
immune response against the tumor [10-12] (Figure 1).

PDT is now established as a clinical treatment for some cancers and non-malignant
diseases, but it is still underutilized in the clinic and it has not yet reached its full potential.
Although antitumor immunity after PDT has been reported in animal tumor models, the
role of the immune system in the therapeutic outcome of clinical PDT is still unclear. Of
note, studies use a wide range of PDT protocols that include different PS, doses, tumor
models, and illumination conditions. All these factors can affect the development of
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antitumor immunity and treatment outcome, making it challenging to compare studies
side by side and draw solid conclusions.

In this review, substantial evidence of the immunostimulatory effects of PDT is
provided. For this, we begin by describing the possible mechanism of how PDT induces
immune responses, followed by the evidence of immune responses post-PDT, from
preclinical studies (particularly using the PS aminolevulinic acid (ALA) or Photofrin), to
the available clinical studies reporting on these effects. Special attention is also given to
combined strategies described at the preclinical level to exploit the immunobiology of
PDT for more potent and prolonged responses. Lastly, recommendations are given for
future clinical trials to collect additional information on the evidence of immune
responses, and critical points for the translation of the available preclinical knowledge
into the clinic are also discussed here. Importantly, when the recommendations given are
implemented in new clinical trials, significant and unique information will be obtained,
which is expected to contribute to a better understanding of PDT effects and to improve
the success of treatment.
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Figure 1 Overview of the antitumor mechanisms of PDT. PDT combines light, oxygen, and a
photosensitizer (PS) resulting in the generation of reactive oxygen species (ROS) within tumor
cells and tumor-associated vasculature. This leads to a direct cytotoxic effect in tumor cells as
well as vasculature shutdown, which in turn results in tumor death due to starvation. This initial
tumor destruction triggers a rapid localized inflammation at the tumor site consisting mostly of
neutrophils and macrophages. ROS induce an immunogenic tumor cell death (mainly apoptosis
and necrosis) that involves exposure/release of damage-associated molecular patterns (DAMPs)
from dying cells. Antigen presenting cells (mainly dendritic cells) will be stimulated by these
DAMPs, engulf tumor associated antigens (TAAs), and present antigenic peptides to effector T
cells, thereby orchestrating an antitumor adaptive response, which could provide systemic tumor
immune control in the long term.

How PDT Induces Immune Responses against the Treated Tumor

The critical event for the development of PDT-induced antitumor response is the
engagement of cellular stress signaling networks caused by the infliction of oxidative
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stress in targeted cancer cells, that creates a threat of proteostasis impairment [13]. These
evolutionarily well-preserved canonic protection mechanisms are based on the elaborate
and universal stress response signaling mediated by a network of harmonized signal
transduction pathways [14]. The means for controlling tissue homeostasis at the PDT-
treated site includes molecular repair mechanisms for recovery of stressed cells, local
inflammatory responses, elimination of impaired tissue components and of damaged
cells. The latter encompasses not only programmed cell death mechanisms (apoptosis,
necroptosis, pyroptosis, autophagy, and others), but also immune rejection [13].

Stress signal transduction pathways are usually triggered in cells of PDT-treated
tumors by sensors (kinases or transcription elements) released from repressed state by the
presence of stressors, mostly proteins becoming unfolded/misfolded due to the
photooxidative damage. Such sensors reportedly involved in response to PDT include
inositol-requiring element-1 (IRE1), activating factor 6 (ATF6), protein kinase R-like ER
kinase (PERK), heme regulator inhibitor kinase (HRI) from unfolded protein response
(UPR), and integrated stress response (ISR) pathways [13]. These sensor kinases
phosphorylate, upon activation, their downstream responders, which are nuclear
transcription factors that can now translocate from cell cytoplasm into nucleus and bind
to stress response elements located in the promoters of targeted genes [15]. This leads to
the expression of certain genes encoding stress-relieving proteins dedicated to the
maintenance of proteostasis, which range from chaperons, other proteins that become
DAMPs, antioxidant proteins, to factors promoting cell death [13]. Stress signaling
mediated by PERK and IREI controls the activities of NF-kB and Toll-like receptors
(TLRs) that are recognized as critically important in PDT-induced host responses
[11,16,17]. Various stress signaling pathways interact at multiple points with signals
regulating innate and adaptive immune activity and immunogenic cell death
development, as well as controlling the activity of regulatory immune cells [13,17].
Another important circumstance is that stressed cells become highly immunogenic [18].
This is mainly due to cryptic translation events triggered by stress signaling-mediated
accrual of alternate initiation factors capable of translating normally untranslated RNA
regions [19], which results in the expression of neoantigens that are not controlled by
immunotolerance mechanisms. In such a way, PDT can elicit a strong immune response
against treated tumors, which appears to share features with other rapid tumor ablating
modalities induced cellular stress response, including those based on thermal effects, high
hydrostatic pressure treatment, and electric effect [20,21].

Preclinical Evidence of Antitumor Immunity Induced by PDT

Here, we first describe the effect of PDT on the innate immunity, followed by that on
adaptive immunity, particularly focusing on the PS Photofrin and ALA. This choice of
PSs is based on the fact that long-established PDT protocols are used for these PSs, hereby
minimizing the influence that the PDT protocol can have on the subsequent
immunomodulation. Furthermore, both PSs are two of the few extensively investigated
in animal studies and the ones mostly investigated in cancer patients (even if in few
studies in total), thus easily enabling correlation of data and translation of knowledge into
the clinic. A summary of the main characteristics and aspects concerning Photofrin and
ALA are presented in Table 1.
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Table 1 Principal characteristics of the photosensitizers Photofrin and ALA

Photosensitizer (PS) Porfimer Sodium ALA
Trade name Photoftrin Levulan
.\ Mixture of hematoporphyrin Heme precursor (prodrug)
Composition derivatives converted to Protoporphyrin IX
Maximum absorption 630 nm 630-635 nm

Adsorption at
maximum wavelength

3000 M 'em™! (weak)

5000 M 'em ! (weak)

Administration Systemic (i.v.) Systemic (i.v.), oral, topical
Time of illumination I
after PS administration 40-50h Within 24 h
Clinical dose 1 mg/kg 10-20% ALA emulsion (topical)
Illumination conditions 80-260 J/em’ 75-260 Jjem®
<150 mW/cm? <150 mW/cm?

Singlet oxygen .

quantum yield 0.89 (high) 0.56 (moderate)

PS localization Mitochondria Cell membrane, mitochondria,

lysosome

Induced cell death

Apoptosis (mainly) *

Apoptosis (mainly) *

Disadvantages

Limited tissue penetration
Skin photosensitization (6
weeks)

Limited tissue penetration
Moderate pain if skin treatment

Approved indications

Bladder, esophageal, skin, and
non-small cell lung and cancer

Actinic keratosis and other non-
oncologic indications

Ongoing clinical trials

Brain, cervical, breast and
head and neck cancer, among
others

Basal cell carcinoma, cervical
neoplasia, and head and neck
cancer, among others

* Apoptosis is the main mechanism reported in vitro, although necrosis is often described in vivo.

PDT and the Innate Immune System

Neutrophils

Being the most numerous leukocytes in human body, neutrophils are capable of causing
damage at inflammatory sites, and influencing other immune cell functions. Rapid and
massive increase of neutrophils is one of the manifestations in PDT-mediated acute
inflammation. However, this notion is mainly derived from studies using Photofrin.
Within 5 min, high numbers of neutrophils can already be seen at the treated tumor site
[22], and this lasts until 24 h after PDT. More recently, a noninvasive manner has been
developed to monitor neutrophil activation at the tumor site using in vivo imaging of
luminol chemiluminescence [23]. Of note, pronounced neutrophilia in blood was also
observed in mice treated with Photofrin-PDT, which is composed of an early wave of
elevation in blood neutrophil levels during the initial hours (3—4 h), followed by an even
more pronounced increase around 8—10 h after PDT [24-26]. Such surge is presumably
an accelerated generation and mobilization of neutrophils from the bone marrow [26],
promoted by IL-1 and Granulocyte colony-stimulating factor (G-CSF) that are known to
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be induced by PDT [27]. In ALA-PDT, these two waves of neutrophilia have not been
characterized. A dramatic increase of neutrophils in blood and at the tumor site in rats has
been described after systemic ALA-PDT [28].

The infiltration of neutrophils into the tumor sites is thought to be mediated by the
intercellular adhesion molecule of ICAM-1 [29,30] and L-selectin [25,31] expressed on
the tumor vascular endothelium, as well as ICAM-1 ligands (CD11b/CD18 and
CD11¢/CD18) that are upregulated on neutrophils following Photofrin-PDT [30].
Although KC (mouse analog of human CXCL1) and CXCL2 are reported as major
chemoattractants for the tumor infiltration of neutrophils after HPPH (2-[1-
hexyloxyethyl]-2-devinyl pyropheophorbide-a)-PDT [32], these molecules have not been
described in Photofrin-PDT. Besides, vasodilatation and increased vascular permeability
were observed after ALA-PDT [33], which may contribute to the increased infiltration of
immune cells into the tumor.

Generation of neutrophil responses has been suggested to be particularly important
in the case of Photofrin-PDT. This has been reported using immunocompetent and
neutrophemic rats, where the success of Photofrin-PDT depends on the number of
circulating neutrophils [34]. In addition, in a recent study using a mouse model, stronger
activation of neutrophils at the tumor site was shown to be prognostic for a complete
response after Photofrin-PDT in the long term. However, the role of neutrophils in ALA-
PDT seems less crucial than in Photofrin-PDT. Using neutrophemic rats, it has been
demonstrated that depletion of neutrophils did not significantly change the cure rates of
ALA-PDT [28]. It is important to note that these two studies had the same tumor animal
model, PS administration route, and time interval between PS administration and light
application [28,34]; however, they differ in size of the treated tumors, induction method
of neutropenia, and illumination regimens, which may, at least partly, explain this
discrepancy.

Complement

Since no characterization of the complement response in animals has yet been provided
in the case of ALA-PDT, this section mainly discusses studies using Photofrin. The
complement system is involved in the initial recognition of tumor damage, recruitment of
immune cells to the tumor site, removal of damaged/dead cells, and direct tumor lysis
[35]. In fact, systemic and local complement activation has been observed following
Photofrin-PDT treatment of solid tumors. Complement protein C3 has been identified as
an essential chemoattractant for the advanced inflammatory infiltration [25,35] and, to a
much lesser extent, for the early phase as well [25]. Blockage of C3a receptor
significantly inhibits the advanced phase of neutrophilia (which appears 8 h after PDT)
[24], illustrating the role of C3 in propagating the advanced neutrophilia. The rise of C3
protein in serum, however, occurs at the post-PDT time period when the neutrophilia is
largely resolved [26]. Actually, C3 serum levels even temporarily drop shortly after PDT,
but reach their peak at 24—72 h, and remain elevated within the first week [26,36]. The
initial decline can, most likely, be explained by the elevated consumption of C3. Indeed,
the activation of complement, as indicated by erythrocyte hemolysis, correlates with the
time kinetics of PDT-induced neutrophilia. In addition, upregulation of C3a receptor on
peripheral neutrophils and monocytes was observed at 8 h after PDT. The complement
system can be activated by antibody complexes, so called classical pathway, or by
damaged tissue and altered cell surfaces via the alternative pathway [35]. PDT-induced
complement activation has been suggested to occur via the alternative pathway, since
neutrophilia is also observed in severe combined immunodeficient (SCID) mice after
PDT, which are deficient in T and B cells.
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The membrane attack complex (MAC), assembled by the complement proteins
C5b-9, has been observed on the cell membrane of both tumor and endothelial cells as
early as 30 min post-PDT [29]. Interestingly, this lytic pore can also act as leukocyte
chemoattractant. Furthermore, tumor cells after PDT are more vulnerable to complement
attack, partly because of the downregulated expression of membrane-bound complement
regulatory proteins (mCRPs), which prevent complement attack, on the surface of PDT-
treated tumor cells [37].

Immunogenic Cell Death

Physiological apoptosis is regarded as a tolerogenic mode of cell death in immunological
terms. More recently, two morphologically equivalent but immunologically distinct
subclasses of apoptosis, i.e., immunogenic and non-immunogenic apoptosis, were
described giving rise to the new concept of immunogenic cell death (ICD) [38,39]. Itisa
form of cell death eliciting activation of the immune response in a manner similar to
pathogen-infected cells [40]. ICD is characterized by exposure or release of DAMPs, such
as calreticulin (CRT), high mobility group box 1 (HMGBI1), heat shock protein (HSP)-
70/90, and ATP. Through binding to pattern-recognition receptors (PRRs), e.g., TLRs,
these DAMPs elicit activation of immune responses as endogenous analogs to pathogen-
associated molecular patterns (PAMPs). For instance, ICD induces a chemokine release
profile capable of recruiting neutrophils, which can eliminate residual viable cells, in a
similar fashion as upon pathogenic incursion [40]. ICD is not unique to apoptosis [41].
Cell death through necrosis, necroptosis, pyroptosis, or autophagy can also induce
immunogenicity. It has been shown that ICD depends on the generation of ROS and the
phosphorylation of eukaryotic initiation factor o (eIF2a), which is one of the three arms
ofthe ER stress response [41,42]. PDT can induce large amount of ROS production inside
the cancer cells, thereby causing oxidative stress-based cell death. In other words, PDT
may turn “cold” tumors into “hot” tumors by inducing ICD. Being known as a strong
inducer of ROS-based ER stress, Hypercin-PDT is the first PDT identified as being an
ICD inducer [43]. In fact, the capacity of Photofrin- or ALA-PDT to induce tumor ICD
has also been explored. In particular, Photofrin-PDT treated tumors exhibit a marked
increase of the surface HSP70, as well as a slight increase of chaperone GPR78, at 16 h
post-PDT [11]. In another study, Korbelik et al. showed that, shortly after Photofrin-PDT
(at 1 h), cell surface expression of CRT already increases on tumors, and HMGBI rises
in serum [44]. Application of topical ALA-PDT increases expression of several other
DAMPs (e.g., CRT, HSP70, and HMGBI1) in tumors within the first 9 h, leading to
subsequent maturation of dendritic cells [45].

It is important to note that ICD is a prerequisite for induction of effective immune
responses against cancer [46]. A “gold standard” protocol for the in vivo assessment of
ICD in mice relies on vaccination with treated cancer cells, followed by re-challenge with
living cancer of the same type in syngeneic immunocompetent animals [47]. Gollnick et
al. were the first to demonstrate that Photofrin-PDT-generated tumor cell lysates are
immunogenic and can be used as an anticancer vaccine. Moreover, these PDT-based
cancer vaccines are significantly more protective than other ways of generating cancer
vaccines (UV, freeze/thaw, or ionizing irradiation) [48]. Vaccination with Photofrin-PDT
treated tumor cells induces DC maturation, increases IFN-y and TNF-a secretion by
splenocytes, as well as their cytolytic activity [48,49], and is effective against poorly
immunogenic tumors [50]. The systemic tumor-specific immune response has also been
reported in the case of ALA [45], where a complete and strong tumor protection is seen
in challenged mice. Likewise, vaccination with DCs stimulated by ALA-PDT treated
tumor cells is more potent and effective than the one obtained with DCs co-cultured with
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tumor cells treated with freeze/thaw [12]. Together, these data provide evidence for the
capacity of PDT being a strong ICD inducer and a promising strategy for the use of PDT
in the generation of cancer vaccines.

Dendritic Cells

Being a major subpopulation of antigen presenting cells, dendritic cells (DC) phagocytize
damaged tumor cells and process their antigens and migrate to local lymph nodes, where
in optimal environment they could present antigens to naive T cells, leading to subsequent
T cell proliferation and activation. PDT treatment influences this process in many ways.
For instance, efficient phagocytosis of dead tumor cells by DC after Photofrin-PDT [10]
increased number of IL-12 expressing CD11c+ DCs in the tumor draining lymph nodes
at 24 h after Photofrin-PDT [51], and their enhanced capacity to stimulate T cell
proliferation and IFN-y release [51]. Similarly, accumulation of DCs was also observed
at the tumor site at 24 h after ALA-PDT [52]. Of note, immature DC are poor T-cell
stimulators, which rather tend to induce specific immune tolerance [53]. Hence, DC
maturation is a critical step in the induction of the immune response. In fact, accumulating
evidence from Photofrin- or ALA-PDT supports that PDT-treated tumor lysates enhance
DC maturation in vitro, as indicated by their enhanced expression of surface CD86,
CD80, and MHCII, as well as IL-12 release [45,48,54]. This is most likely induced by the
accumulation of DAMPs at the tumor site, yet further studies are needed to elucidate the
exact mechanism.

In addition, other innate components such as mast cells and macrophages have been
addressed in the PDT-induced innate immune response, although to a lesser extent.
Increased numbers of these cells were seen at the tumor site [22] or peritoneally [24]
within 24 h after Photofrin-PDT. Remarkably, it appears that NK cells contribute largely
to the cure rates of tumor-bearing SCID mice after Photofrin-PDT [55], but such effect
was not observed in the immunocompetent host. In conclusion, preclinical studies have
provided consistent and detailed insights into the innate immune responses induced by
Photofrin-PDT, such as neutrophilia, complement activation, exposure of DAMPs and
increased DC activity (a number of these studies have been summarized in Table 2).
Characterization of these responses is however less defined in ALA-PDT that is often
applied topically for treating superficial cancer. Distinct microcirculatory effects have
been described between systemic and topical application of ALA [33]. However, it is
unknown if the application route could influence the host immune responses, since data
were not provided in these studies [33,52].
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Chapter 6

PDT and the Adaptive Immune System

The key role of adaptive immunity in PDT-induced antitumor immunity was first
addressed by Korbelik et al., who described that Photofrin-PDT can initiate tumor cell
killing in both immunocompetent and immunodeficient mice (SCID or nude mice),
whereas no long-term cure of tumors was observed in the latter [56]. The same group
further demonstrated that adoptive transfer of splenocytes from the immunocompetent
mice cured by PDT into SCID mice fully restored the curative effect of PDT. These
adoptive splenocytes are antigen-specific, since the tumor rejection occurs only when
mice were inoculated with tumors of the same origin [55]. Interestingly, such adoptive
transfer obtained from tumor-bearing mice cured using X-rays were much less effective
[55], suggesting a stronger immunogenic impact of tumor cell death triggered by PDT.
Evidence points to CD8+ T lymphocytes as the main player in PDT-mediated
antitumor immune response. This is manifested by the significantly reduced or even
abrogated curative effect of PDT upon selective CD8+ T cell depletion [55,57]. In some
cases, the induced antitumor immune response is systemic, and therefore it can also be
potent outside the primary tumor area. Kabingu et al. [58] described regression of distant
lung tumors after local treatment of subcutaneous tumors with Photofrin-PDT. Such
systemic control of tumors was accompanied by an increased cytotoxicity of splenocytes
against the tumor and infiltration of CD8+ T lymphocytes in the untreated tumor. CD8+
depletion abolished the systemic effect of PDT to control distant tumors outside the
primary tumor area. Interestingly, the effect of CD8+ cells appears to be dependent on
the presence of NK cells, rather than CD4+ T lymphocytes [58]. In addition, a significant
increase of memory T lymphocytes (CD44hiCD45RBlow) was detected in the lymph
nodes of mice treated with Photofrin-PDT [31], indicating the development of immune
memory. Wachowska et al. showed an increased production of IFN-y in both CD4+ and
CD8+ T lymphocytes isolated from the lymph nodes, as well as splenic CD8+ T
lymphocytes, of mice treated with Photofrin-PDT. Moreover, these CD8+ T lymphocytes
appear to be highly cytolytic, as indicated by their increased expression of the cytolytic
marker CD107 [59]. In contrast, not much information about the ALA-PDT induced
adaptive immunity is available. A study has shown that memory T cells
(CD44hiCD62Lhi) accumulate in the tumor and spleen of ALA-PDT treated mice [60].

In conclusion, the systemic and long-term immune effect of PDT relies largely on
adaptive immunity, and data have shed light on the role of T lymphocytes, with a focus
on CD8+ T cells (as exemplified in Table 2). The importance of humoral adaptive
immunity has, however, not been thoroughly demonstrated, although a study has shown
that expression of C3a receptor increased on B lymphocytes after Photofrin-PDT, while
its expression remained unchanged on T lymphocytes [24]. Since CD8+ T lymphocytes
play an essential role in antitumor responses, the mechanism of how PDT induces
activation of these cells would therefore be of prime interest in future research.

Clinical Evidence of Antitumor Immunity Induced by PDT

Although Photofrin and ALA have been used in numerous clinical trials, only a small
number of these have investigated the immune responses of PDT. Most clinical data
derive from studies applying topical ALA-PDT to patients with basal cell carcinoma
(BCC), while fewer studies investigate this aspect of PDT in the case of MAL (the
methyl ester of ALA), Photofrin, or Temoporfin (Table 3).
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Immune responses in oncologic PDT

Acute Immune Response

Acute immune responses are confirmed in BCC patients treated with topical ALA- or
MAL-PDT. Within 1 h after PDT, increased infiltration of neutrophils is already visible
at the tumor site, reaching its peak at 4 h, and declining to basal level after 48 h [62].
Interestingly, activity of neutrophils, as indicated by chemiluminescence, was found
upregulated in peripheral blood 4 h after PDT [63], indicating this acute immune response
might not be restricted to the treated lesion. In addition, after 48—72 h myeloid cells such
as macrophages and mast cells accumulate at the treated site [62]. Increased expression
of immunostimulatory IL-23, IL-22, IL-17, and IFN-y was found in peritumoral
inflammatory cells shortly after PDT [64]. Moreover, serum levels of a
immunosuppressive cytokine TGF-f were shown to decline at 4 h after PDT [63].
Together, these clinical data support the stimulatory effect of PDT on acute immune
responses, which is consistent with the observations from preclinical studies [22-
24,51,52]. However, these responses seem to maintain within a week, after which they
tend to decline, and become non-detectable after one month [64-66], suggesting a
transient inflammatory response following PDT.

Likewise, increase of inflammation was also detected shortly after Photofrin-PDT,
as indicated by elevated levels of serum IL-6, a pro-inflammatory cytokine, in patients
with esophageal squamous cell carcinoma (ESCC) at one week after treatment, but this
declined soon after two weeks [67]. In addition, a slight increase of peripheral neutrophils
and monocytes was observed in these patients at one week. However, the late time point
chosen in this study might not provide clear evidence of the initial rapid inflammation.
Another interesting study involved Temoporfin-PDT in head and neck squamous cell
carcinoma (HNSCC), where increased serum levels of IL-6 were detected with a peak at
24 h, and HMGBI1 with a peak at one week after treatment [68], further supporting PDT
as a potent inducer of acute inflammation.

Adaptive Inmune Response

Being potent APCs, DCs act as a central link with the adaptive immune response. Clinical
data on DCs in PDT-induced immune responses are scarce, and mainly come from studies
of BCC patients, where Langerhans cells were analyzed. Longo et al. found increase of
Langerhans cells, accompanied with lymphocyte-like cells, at the tumor site one week
after ALA-PDT [65]. In contrast, Evangelou et al. reported decrease of Langerhans cells
at the treated site at 1 and 24 h after MAL-PDT [69]. This discrepancy could be explained
by the difference in time point, treatment protocol, or way of measurement chosen in the
study. On the other hand, the decrease of Langerhans within 24 h might be due to their
migration from the tumor site to lymphoid organs, where they present antigens and
subsequently activate T cell responses. Obviously, further study is warranted to elucidate
this proposed mechanism.

The involvement of lymphocytes is supported by studies from BCC patients
receiving ALA- or Photofrin-PDT. Increased lymphocytes at the tumor site were detected
24 h after ALA-PDT, and remained elevated for at least 72 h, being CD4+ more abundant
than CD8+ lymphocytes [62]. In another study, activity of peripheral lymphocyte activity
was analyzed at 4 h after PDT, in which cellular expression of IL-1p, IL-6, IL-2, and
TNF-a was measured [63]. Nevertheless, only a slight decrease of IL-1 was detected,
suggesting 4 h might not be the optimal time point to measure lymphocytes in peripheral
blood. Of note, both Photofrin- and ALA-PDT enhanced lymphocyte recognition of a
TAA hedgehog-interacting protein (Hip1) expressed in BCC [70]. Antigen recognition
was significantly greater in patients whose lesions were treated with PDT, in comparison
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Chapter 6

to surgical removal. The antigen-specific immune response described in this study is,
most likely, mediated by CD8+ T cells since Hipl peptide forms complexes with MHC-
I molecules. In supporting this, a study from patients with vulva intraepithelial neoplasia
(VIN) (n = 32) treated with ALA-PDT showed that VIN that display loss of MHC class I
(n=9) failed to respond to the treatment, whereas the responders exhibited significantly
higher CD8+ T cell infiltration than non-responders [71]. In addition to T helper and
cytotoxic lymphocytes, increasing number of regulatory T lymphocytes (Treg) were also
observed in peripheral blood of patients receiving PDT treatments [67,68].

Systemic Immune Response

Even though PDT is a treatment applied locally in cancer patients, available clinical data
suggest its potential to trigger systemic immune responses, and in some cases even an
abscopal effect. For instance, remission of tumors outside the treated area has been
reported in several cases of BCC [70] or angiosarcoma [72], following the local treatment
with ALA- or Fotolon-PDT, respectively. In the former study, the authors described that
such effect was accompanied by an increased cytolytic activity of splenocytes and
infiltration of CD8+ lymphocytes in untreated tumors [70]. Besides, supporting evidence
also includes enhanced activity of immune cells in peripheral blood after local treatments
of PDT, such as neutrophil [63] and lymphocyte activity [62,70] (see Section 3.1.1 and
Section 3.1.2). In addition, NK cell numbers were found increased in peripheral blood of
HNSCC after Temoporfin-PDT [68]. Treg isolated from peripheral blood exhibited
reduced immunosuppressive activities in ESCC patients after Photofrin-PDT [67]. These
clinical data are however scarce. As such, obtaining more evidence will contribute to a
better understanding for such potential of PDT, and to ultimately being able to use the
information for improving therapeutic outcomes.

Potentiating PDT with Immune Modulation

Despite much evidence showing immune stimulation after PDT, the generation of robust
antitumor immune responses triggered by PDT is, however, not often the case [73]. This
could be, at least partly, explained by the fact that tumors are heterogenous and exhibit
different immunogenicity reflected by more or less immune cell infiltrates (also referred
to as “hot” versus “cold” tumors). Another hurdle are loads of immunosuppressive factors
present locally at the tumor site or systemically [74], which occurs often in advanced
cancer patients [75]. Strategies by combining agents that boost the immune system and/or
reverse the immunosuppression would, therefore, enhance the occurrence of effective and
long-lasting immune responses against cancer, at the same time as PDT destroys the
actual tumor. These include, but not limited to, various immunostimulants, blocking or
depleting immunosuppressive (cellular) factors, inducing tumor antigens and immune-
potentiating vaccines such as DC-based vaccines.

Immunostimulants

Being widely used as adjuvants for enhancing cancer vaccines, TLR agonists, such as
Bacillus Calmette—-Guérin (BCG, TLR-2/4), imiquimod (TLR-7), and CpG
oligodeoxynucleotide (CpG ODN, TLR-9), are potent immune stimulants [76]. Through
binding to PRRs on immune cells, they can improve antigen delivery, processing, and
presentation by APCs, or induce immunomodulatory cytokines production [76]. It has
been shown that administration of BCG increased the number of tumor-free mice after
PDT, regardless of the type of PS employed, including Photofrin, benzoporphyrin
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derivative, Temoporfin, mono-L-aspartyl-chlorin e6, lutetium texaphyrin, or zinc
phthalocyanine [31]. Interestingly, the ratio of memory T lymphocyte subsets is further
increased at tumor lymph nodes in the combination with BCG, compared to Photofrin-
PDT alone. The use of CpG ODN in conjunction with PDT has also been successfully
demonstrated. For instance, the co-injection of CpG with Radachlorin-PDT-generated
tumor lysates elicited a strong antitumor immune response, resulting in increased
production of tumor-specific antibodies and cytotoxic T cell responses [77]. Besides,
Verteporfin-PDT in combination with CpG demonstrated decreased tumor sizes and
better survivals, compared to either treatment alone [78]. Topical PDT, generally applied
to treat cancer limited to the skin surface, when co-applied with imiquimod cream, has
been proved effective as well for invasive squamous cell carcinoma, in both mice models
and humans [79]. Zymosan, being known as a TLR-2 agonist, has been shown to augment
the cure rate of tumor after Photofrin-PDT, as well as the levels of C3 complement [80].
Other TLR agonists such as mycobacterium cell wall extract (MCWE) also demonstrated
significant synergetic effects on cancer treatment with PDT using different PSs [81].
Recently, there has emerged a new class of immunoadjuvants, e.g., N-
dihydrogalactochitosan—a semisynthetic cationic carbohydrate polymer and derivative
of chitin (an abundant natural polysaccharide) exhibiting complex advantageous
properties encompassing both immunostimulatory effectiveness and amplifying PDT-
mediated direct lethal cell kill [82].

A major sign for tumor ICD is the release of DAMPs, such as CRT, HSP70,
HMGBI, or ATP, which through binding to PRRs can induce immune maturation and
activation at the local site (as discussed in Section 3.1.3). In fact, recombinant CRT, upon
peritumoral injection, has been shown to boost the therapeutic effect of PDT and/or PDT-
generated cancer vaccines [83]. In addition, immunostimulants such as glycated chitosan
[84], vitamin D3-binding protein-derived macrophage-activating factor (DBPMAF) [85],
neutrophil promoting factor G-CSF [34,86], and Schizophillan (SPG) [87] have shown
beneficial effects in the case of Photofrin-PDT, and CCL8 (monocyte chemoattractant
protein-2) in the case of ALA-PDT [88].

Blocking or Depleting Immunosuppressive (Cellular) Factors

Tumors that are resistant to first-line therapy (surgery, radiotherapy, and chemotherapy),
or in advanced stages, often develop severe immunosuppressive burden. This is featured
by upregulation of inhibitory molecules that restrain immune activation, signals that
promote tumor growth and/or accumulation of immunosuppressive cells. Therefore,
approaches that reduce/inhibit the immunosuppressive factors and restore the immune
responses would, at large, improve the therapeutic outcomes of PDT in these cancers. An
excellent example of this is the addition of immune checkpoint inhibitors (e.g., anti-PD-
L1 and anti-CTLA-4), which have revolutionized the treatment of various cancers. The
blockade of PD-L1 or CTLA-4 restores the tumoricidal activity of lymphocytes, and,
more recently, has also been shown to synergize the therapeutic effect of PDT, where
abscopal effects were observed [89-92]. Interestingly, this synergistic effect is also
observed with third-generation photosensitizers, i.e., antibody—photosensitizer
conjugates for targeted PDT, resulting in increased tumor infiltration of mature DCs and
T lymphocytes, abscopal antitumor effects, and immunologic memory [93,94]. Another
possible mechanism of PDT resistance is the accumulation of immunosuppressive cells
at the tumor sites, including Tregs and myeloid derived suppressive cells (MDSCs). These
cells, through heterogenous mechanisms, exhibit a potent ability to inhibit several
components and phases of immune responses [95,96]. Upon selective depletion of Tregs
with low dose cyclophosphamide prior to PDT, a dramatically decreased tumor size and
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increased survival was observed [97]. In addition, depletion of MDSCs by using GR1
blocking antibody improved tumor cure rates of PDT. Such beneficial effect,
nevertheless, disappeared when anti-GR1 was injected immediately, instead of 1 h, after
PDT illumination [98]. The abrogated therapeutic effect could be caused by the unwanted
depletion of neutrophils, with anti-GR1 at the acute phase of PDT (i.e., within an hour),
where neutrophils play an essential role in stimulating immune responses. In addition to
cellular fractions, soluble mediators such as TGF-B and PGE2 also contribute to the
immunosuppressive tumor microenvironment [99]. As such, agents that inhibit these
factors would also be beneficial to enhance the anti-tumor immune responses induced by
PDT.

Importance of Tumor Antigens

Tumor antigens can be unique tumor-specific antigens [100], antigens that can be found
in both normal and tumor tissues but are overexpressed in tumors [101], or antigens of
viral etiology [102]. Recognition of tumor antigens is the first step for establishing long-
term immune memory in cancer immunotherapy. As such, the type and degree of tumor
antigen expression plays an essential role in the immune effects of PDT. It has been
suggested that PDT-mediated ER stress and ROS production are likely to increase the
expression and liberation of antigens [73], but it has never been investigated. In reality,
most clinical tumors, however, exhibit weak immunogenicity and therefore limit the long-
term effects of PDT. In addition, tumor cells may escape immune surveillance by losing
the expression of tumor antigen or downregulation of MHC I molecules. Restoring or
inducing antigen expression or presentation by the tumor cells is, therefore, key to
tackling this type of tumors. Attempts have been made to induce expression of a silenced
tumor antigen P1A with 5-Aza-2'-deoxycytidine (a methyltransferase inhibitor) in four
different tumor models (Lewis lung carcinoma, 4T1 mammary carcinoma, CT26 colon
carcinoma, and EMT6 mammary carcinoma) that are treated with Photofrin-PDT. Of
particular interest, the combination strategy leads to complete tumor cures and long-term
survival in CT26 and EMT6 models, and even resistance to the re-challenge with the same
tumor cells [59]. Furthermore, these effects were largely dependent on CD8+ T
lymphocytes.

Immune Potentiating Therapeutic Vaccines

Therapeutic vaccines against cancer are getting more attention since (neo)antigen
identification has become more technically feasible in a time frame that allows detailed
molecular analysis of the specific peptide sequences [103]. Several types of vaccines have
been explored as well as combined with PDT. The use of DC-based vaccines for cancer
has been extensively investigated, with more than 200 complete clinical trials to date
[104]. Preclinical evidence demonstrate that PDT-treated tumors enhance DC
recruitment, maturation, and cytokine secretion [45,54,105-107]. Indeed, using PDT-
treated tumor cells as adjuvant for DC-based vaccine (PDT-DC vaccine) has been proved
to trigger stronger protection against tumors [12,108,109], and enhanced T lymphocyte
responses [109], compared to using freeze/thaw-treated tumor cells. Furthermore, local
PDT followed by intratumoral injection of DC [10,110] has shown decreased tumor sizes,
better survival, and higher cytotoxicity mediated by CD8+ T lymphocytes and NK cells
[10], compared to either group alone. Using CT26 colorectal carcinoma and B16
melanoma mice models, Saji at al. showed this strategy significantly enhanced tumor-
cured rates in mice and prolonged the survival of mice of which the tumors were not cured
[61]. Remarkably, this strategy induced regression of tumor at distant sites including lung

126



Immune responses in oncologic PDT

metastases, implying the systemic antitumor effect of PDT could be greatly enhanced by
such strategy.

Molecularly defined therapeutic peptide vaccination has been successfully
combined with chlorin e6-based PDT in mouse models and convincingly shows
synergistic clearance of primary tumors. Abscopal CD8 T cell-mediated effects were
shown by reduction of secondary tumors [111]. These vaccines have been even further
improved by conjugation to a defined DC-stimulatory TLR2 ligand, which showed strong
anti-tumor effects when combined with PDT [112].

In conclusion, a better understanding of the tumor microenvironment and the
development of current immunotherapies have provided a wealth of opportunities for
devising combination strategies to trigger robust immune responses after PDT. For
instance, approaches that reverse hypoxia at the tumor site [113] would likely enhance
the PDT-induced immune responses, since severe hypoxia contributes to the tumor
immunosuppression, and also adequate oxygen levels are critical for PDT efficacy.
However, human bodies are far more complicated and heterogenous than laboratory
models. Therefore, efforts are ongoing towards a better preclinical model as close as
possible to patients, such as humanized mouse models engrafted with patient-derived
cancer organoids and immune system. Besides, the PDT parameters such as choice of PS,
doses of both PS and illumination, fluence rate, and drug-light interval are also important
in optimizing the immune responses.

Future Directions for Clinical Research

Preclinical studies point at PDT as very effective in breaking the immunotolerance in
treated tumors, overturning the immunosuppressive tumor microenvironment, and
instigating the development of a strong adaptive immune response against these lesions.
However, scarce information has been provided concerning these events in the clinical
setting (see Table 3 for an overview of the reviewed clinical studies). Analysis of the
literature in this case is limited due to the low number of clinical studies. With this in
mind, suggestions are given in this section that could contribute to the collection of
additional and valuable information from future clinical studies, as well as promote
further understanding and exploration of the implication of the immune system for the
greater success of the PDT treatment.

Recommendations for Inmune Monitoring

Proper immune monitoring of the initial innate effects, as well as the downstream effects
on the adaptive response, is key to designing successful combination strategies.
Numerous clinical trials focus on the efficacy of the PDT treatment, but little can be found
on its effects on the immune system. In general, the available clinical evidence seems to
correlate with preclinical data, but this evidence is limited, and further study is needed to
safely claim correlation. If we are to learn from preclinical studies, most significant
changes in cells and mediators occur during the first day (innate response) and first week
(adaptive response) after PDT. Based on the reviewed preclinical and clinical data, a
timeline is shown in Figure 2 as an indication of the main immunological events
developed post-PDT. This timeline might serve as guidance when designing new clinical
studies aiming to further characterize the immune response after PDT.
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Figure 2 Indicative timeline of the main immunological events developed after PDT. Shortly after
PDT, an initial inflammatory response arises due to the exposure of DAMPs and complement
activation, and is facilitated by the increased vascular adhesion and permeabilization at the tumor
site during the first 24 h post-PDT. A pronounced neutrophilia occurs, which is followed by
increased numbers of tumor-infiltrating neutrophils during the first 24 h, and infiltrating
macrophages and mast cells at least during the first 72 h. One day post-PDT, DCs and
lymphocytes start accumulating at the tumor site. This triggered adaptive response might last for
two weeks and is accompanied by high levels of IL-6, TNF-q, and IFN-y, as well as elevated
complement activity. The initial immunological response is transient and four weeks post-PDT
immune cells are no longer detected in the treated area. After this initial response, tumor-specific
memory effector T cells can be expected to be present in circulation or in the tumor-draining
lymphoid organs.

Human studies could first focus on the confirmation of the most determinant
immune events observed in animals. Certain cytokines, i.e., [FN-y, TNF-q, and IL-6, have
been found to play important roles in preclinical studies, particularly during the initial
inflammation and the transition to a T cell-mediated response during the first week post-
PDT [29,51]. Special attention should be paid to IL-6 due to its tumor promoting role
observed in mice under particular PDT regimens [114,115]. In fact, high levels of IL-6
have been reported within the first two weeks after clinical PDT [67]. As for the cellular
components mediating the immune response, a marked neutrophilia [34], maturation of
DCs [51], elevated numbers of T cells [116], and increased cytotoxic activity of CD8+ T
cells [59] are features observed after preclinical PDT. Therefore, detection and study of
these cell types would be a logical starting point in patients.

The effects of PDT on the adaptive response, especially tumor-specific T cell
expansions which are observed in preclinical models in lymphoid organs and in blood,
allows monitoring of patients by collecting blood samples before and after therapy.
Sustainment of tumor-specific effector memory T cells is important for cures and
systemic control of recurrences; thus, follow-up blood sampling is recommended.
Furthermore, as cancer type related epitope knowledge and identification of new tumor-
specific T cell specificities will be increasing in the near future, monitoring of tumor-
specific T cell responses by high-end flow cytometry will become feasible. Modern
technologies to identify patient-specific neo-epitopes by exome sequencing and HLA-
binding algorithms will become more rapid and applicable for individual patient
monitoring. Moreover, quantitative analysis of the levels of circulating specific T cells
but also the monitoring of the quality of the T cell response by analysis of cytokine
profiles and cell surface markers for effector, memory, or regulatory T cell
subpopulations are essential. This information could decisively influence further T cell
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directed treatment options to be combined with PDT (e.g., specific stimulation with
agonistic antibodies or stimulatory vaccines). In addition, following levels of other
immune cell types which have remained relatively unexplored in animals, such as NK
cells, B cells, and Treg cells, would allow further characterization of the response. Once
the critical immune elements in humans have been characterized, and when necessary,
immunomodulatory agents can be specifically and wisely applied in combination with
PDT to maximize efficacy of the treatment.

While preclinical studies allow a broad use of techniques to modify the animal in
order to characterize a particular process in detail, this is limited in the case of humans.
Non-invasive methods in the clinic for detection and measurement of the immune
response after PDT are of extreme value, and development of such techniques would
greatly add to the understanding of this process. The obvious current choice is the
collection of blood for systemic analysis, as highlighted above, and some studies point at
reflectance confocal microscopy for examining the tumor site in the case of superficial
skin cancers [65]. This imaging tool allows monitoring of the tumor response as well as
detection of immune cells at the tumor over time. The activity of the different immune
cells isolated from patients can be evaluated ex vivo and correlated with changes in other
cellular or soluble components, as well as with the clinical outcome in order to be able to
make predictions based on correlations. It is also of interest to study the response of
cancer lesions outside the treated area. This is an unexplored event in the clinic (with
exception of case reports), relatively easy to monitor and of great clinical value. Study of
the immune response as here described can be performed as secondary endpoints in
clinical trials focused on PDT safety and efficacy.

Recommendations for Optimizing PDT Outcome

PDT is now firmly stablished as able to render an anti-tumor immune response; however,
this does not necessarily equal to tumor cure. To achieve this, it has to be ensured that the
elicited immune response remains vigorous and durable. Future preclinical and clinical
research has to optimize means of preventing that the elicited immune response remains
incomplete and stalls before the immune destruction of both local and distant tumor
deposits is complete. To meet this goal, we review here the use of a series of PDT
adjuvants and joint agents based on their potential for preventing immunoregulatory
mechanisms known to hinder the effectiveness of PDT. We strongly believe that further
research along these lines can certainly boost the potential of PDT to its maximum. While
considerable advances were made in developing and characterizing PDT-generated
cancer vaccines in preclinical studies, very little effort has been made in translating this
into the clinic and establishing the benefits of PDT vaccines with cancer patients. It seems
likely that clinical results can turn out to be even more positive than predicated with fast
growing animal models, especially with (thus far untested) full scale multiple vaccination
regimens and combination with adjuvants preventing development of
immunosuppressive microenvironment.

Preclinical as well as clinical evidence indicates that the illumination conditions
have an important impact on the activation of the immune system and overall success of
the PDT therapy [70,117-119]. It has been suggested that high fluence rates deplete
oxygen levels at the tumor site in patients with BCC [119], resulting in a possibly
inefficient treatment although still effective due to the extensive vascular and tumor
damage. Moreover, high fluences seem to have a negative impact on immune reactivity
towards tumor antigens in patients with BCC [70], supporting the fact that high fluences
may not be ideal for the development of an immune response, likely due to a potent
vascular shutdown that prevents immune cells from reaching the tumor area. On the other
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hand, preclinical studies point to the fact that low fluences with low fluence rates inflict
diffuse damage and facilitate the enhancement of an inflammatory response, but may
yield lower cure rates [120].

The illumination protocols commonly used in the clinic are, in general, devised to
induce extensive damage to the primary tumor, while the immunobiology of PDT is
overlooked. Based on the reviewed clinical studies, immunostimulatory PDT regimens
consist of moderate to high fluences, low fluence rates, and treatment of small surface
areas. These illumination regimens might be especially beneficial when combined in the
clinic with immunostimulatory strategies. Interestingly, a two-fold fractionated
illumination scheme (low fluence followed by high fluence) has shown superior efficacy
than single illumination to treat patients with superficial BCC [121]. This suggests great
clinical benefit can arise from the design of two-step PDT programs consisting of a first
immune-stimulating illumination regimen, followed by a regimen that mediates potent
tumor destruction, which has proven favorable in the preclinical setting [117].

All things considered, further preclinical exploration of the different PDT regimens
is still essential. Due to the critical role of the illumination parameters, we would like to
underline the importance of these being always specified in published studies. Likewise,
we also highlight the importance of stratifying patients based on previous received
treatments, such as radio-, chemo- and adjuvant therapy. These, upon repeated use, can
have a large effect on the immune system, leading to exhausted immune responses or
immunosuppression. To our surprise, four out of the 10 reviewed clinical studies have not
addressed this aspect, and only three of these 10 gave additional details regarding prior
treatments.

Conclusions

Many studies here reviewed document the activation of the immune system post-
oncologic PDT. Preclinical studies point at PDT as very effective in breaking the
immunotolerance in treated tumors, disturbing the immunosuppressive tumor
microenvironment and developing a strong and systemic adaptive immune response
against even distant tumor lesions. Clinical evidence, however, is unfortunately very
scarce. We believe that collecting more of this evidence in the clinical setting will
contribute to the full understanding of these events in humans. Consequently, this would
enable the design of new trials in which the immunological potential of PDT is explored
in its full, for more effective treatment of many cancer patients.
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Abstract

Nanobody-targeted photodynamic therapy (NB-PDT) has been recently developed as a
more tumor-selective approach rather than conventional photodynamic therapy (PDT).
NB-PDT uses nanobodies that bind to tumor cells with high affinity, to selectively deliver
a photosensitizer, i.e., a chemical which becomes cytotoxic when excited with light of a
particular wavelength. Conventional PDT has been reported to be able to induce
immunogenic cell death, characterized by the exposure/release of damage-associated
molecular patterns (DAMPs) from dying cells, which can lead to antitumor immunity.
We explored this aspect in the context of NB-PDT, targeting the epidermal growth factor
receptor (EGFR), using high and moderate EGFR-expressing cells. Here we report that,
after NB-PDT, the cytoplasmic DAMP HSP70 was detected on the cell membrane of
tumor cells and the nuclear DAMP HMGBI1 was found in the cell cytoplasm.
Furthermore, it was shown that NB-PDT induced the release of the DAMPs HSP70 and
ATP, as well as the pro- inflammatory cytokines IL- 18 and IL-6. Conditioned medium
from high EGFR-expressing tumor cells treated with NB-PDT led to the maturation of
human dendritic cells, as indicated by the upregulation of CD86 and MHC II on their cell
surface, and the increased release of IL-12p40 and IL-1p. Subsequently, these dendritic
cells induced CD4+ T cell proliferation, accompanied by IFNy release. Altogether, the
initial steps reported here point towards the potential of NB-PDT to stimulate the immune
system, thus giving this selective-local therapy a systemic reach.
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Introduction

Photodynamic therapy (PDT) was first approved in 1993 for the treatment of bladder
cancer and, since then, its use has expanded to many other oncological indications, such
as lung, brain, esophagus, skin, and head and neck cancer [1]. This treatment relies on the
action of a photosensitizer (PS), i.e., a light activatable compound that accumulates into
cells and becomes cytotoxic when excited with light of a particular wavelength. Upon PS
activation, reactive oxygen species are generated that ultimately lead to cell death [1,2].
Besides direct cytotoxicity, damage to the tumor vasculature and the potential to stimulate
an antitumor immune response have been reported [2-4]. This last aspect is of particular
interest since a local treatment such as PDT, making use of locally applied light at the
tumor site, could develop systemic effects via the activation of the immune system.

Despite being a selective and controllable treatment against tumor cells, therapies
known to be considerably aggressive towards all tissues (i.e., chemo- and radiotherapy)
are still the mainstream clinical practice, when it comes to combat cancer [5]. Some
current barriers for the establishment of PDT in routine practice are the required
technology, complex dosimetry, limited tissue penetration of light and/or PS, lack of
tumor specificity and prolonged skin photosensitivity [1,5]. Efforts have been put into
improving the selectivity of PDT towards the cancer cells by using antibodies, an
approach which is now in phase II clinical trial (NCT02422979) [6]. Conjugation of a
water-soluble PS (IRDye700DX) to an antibody allows the PS to be specifically delivered
to cancer cells overexpressing a certain antigen on the cell membrane. In this manner, two
levels of specificity are established: the delivery of PS to target-expressing cells and the
local application of light at the tumor site.

Another strategy to render PDT more tumor-selective is nanobody-targeted PDT
(NB-PDT), which also utilizes the near-infrared PS IRDye700DX. In this case, however,
a nanobody is used to provide the first level of specificity [7,8]. NBs are the smallest
binding domains found in nature (~15 kDa) and consist uniquely of the variable domain
of heavy chain antibodies present in Camelids [9]. The use of a NB for PDT brings a
series of advantages over antibody-targeted PDT. Their small size enables rapid tumor
accumulation, with a homogeneous distribution, and a rapid clearance from circulation
when unbound [9-11]. In the context of PDT, this allows the application of the light
shortly after conjugate administration, ensures more extensive tumor damage, and
reduces the chances of phototoxicity present in both PDT and antibody-targeted PDT
protocols. In vitro, NB-PDT has been reported to be a very specific, selective, and potent
approach to kill cancer cells expressing a variety of membrane receptors, such as
epidermal growth factor receptor (EGFR) [7,8], human epidermal growth factor receptor
2 (HER2) [12], hepatocyte growth factor receptor (c-Met) [13], and G protein- coupled
receptor (GPCR) [14]. Furthermore, NB-PDT has proven very effective in inducing
tumor necrosis in an orthotopic mouse model of head and neck cancer expressing EGFR
[7], and to induce significant tumor regression in an orthotopic mouse model of breast
cancer expressing HER2 [12]. Additionally, similar to the observations with conventional
PDT, damage to the tumor vasculature induced by NB-PDT has also been reported [15].

Subsequently, we aimed to explore the third component of responses triggered by
PDT, i.e., whether NB-PDT can also trigger the immune system, possibly leading to an
antitumor response, which would greatly add to the potential that NB-PDT has shown so
far. This ability of PDT to stimulate immune cells has been linked to the fact that PDT is
able to induce an immunogenic cell death (ICD). This type of cell death is accompanied
by the release and exposure of several molecules from the dying cells, such as endogenous
cytokines and damage-associated molecular patterns (DAMPs), which can be recognized
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by various activating receptors (e.g., pattern recognition receptors) on immune cells and,
thereby, stimulate subsequent immune responses [16]. For instance, heat shock protein
70 (HSP70), high mobility group box 1 protein (HMGB1), calreticulin, and ATP can all
act as DAMPs described to be exposed/released after PDT and associated with activation
of innate immunity. These can trigger the local innate immune system (e.g., dendritic
cells, DCs), thus paving the way towards the development of an adaptive memory
immune response [3,17], which is indispensable for preventing tumor recurrence and the
formation of tumor metastasis in the long term. Importantly, the successful development
of an anti-tumor response post-PDT relies largely on the initial induction of ICD [18].

In this study, we address the immunogenic potential of NB-PDT for the first time,
from the initially induced tumor cell death mechanism, to the last step of the immune
reaction involving activation of T cells. The EGFR-targeting NB-PS conjugate named
7D12-PS was employed for NB-PDT, a conjugate that has already shown its potency for
the selective killing of EGFR-expressing cells [8]. Due to its slow internalization, after
binding to EGFR, 7D12-PS is mostly present on the cell membrane when light is applied,
thereby inducing membrane damage and subsequent cell death [8]. In vivo, this nanobody
has been described to present rapid tumor accumulation and homogenous distribution
[10,11] and, upon illumination, induces extensive tumor damage, as well as vascular
effects [7,15]. In order to take into account possible inter-tumor heterogeneity of target
expression, two different tumor cell lines were included: the A431 cell line that
overexpresses EGFR and the scc- U8 cell line expressing moderate EGFR levels, which
more closely resemble the in vivo levels [19,20]. With this in vivo mirroring in mind, a
highly cytotoxic NB-PDT (LD100) and a mild treatment (LD50) are also compared here,
since uneven light penetration and tumor heterogeneity would likely lead to different
degrees of cytotoxicity in vivo. Our results show that NB-PDT induces rapid necrosis
accompanied by exposure/release of major DAMPs and cytokines from the dying cells.
This release of immunogenic factors leads to the maturation of DCs which subsequently
activate CD4+ T cells, thereby demonstrating the immunogenicity triggered by NB-PDT.

Materials and Methods

Cell Lines and Nanobody-Photosensitizer Conjugates

The human epidermoid carcinoma cell line A431 was purchased from ATCC, and the
human head and neck carcinoma cell line scc-U8 was kindly provided by Dr. Robinson
(Erasmus MC, Rotterdam, The Netherlands). A431 cells are used as a reference cell line
which overexpresses EGFR (0.5-3.5 x 10° receptors per cell), while scc-U8 cells are a
more representative tumor cell line with 36% EGFR expression relative to A431 cells
[19,49]. Both cell lines were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
(Lonza) supplemented with 10% foetal bovine serum (FBS) (Sigma-Aldrich), 100 U/mL
penicillin and 100 pg/mL streptomycin (Sigma-Aldrich). Cells were cultured at 37 °C
and 5% COz.

The EGFR-targeting monomeric NB 7D12 and the biparatopic NB 7D12-9G8, as
well as their conjugation to the PS IRDye700DX N-hydroxysuccinimidine ester (LI-
COR), have been previously described [7].

Nanobody-Targeted Photodynamic Therapy

A431 or scc-U8 cells were seeded in 96-well plates (10.000 and 15.000 cells/well,
respectively) one day before the assay. The next day, cells were washed once with PDT
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medium, i.e., DMEM without phenol red (Lonza) supplemented with 10% FBS and
antibiotics, and the concentration of conjugate to achieve 50% (LD50) or 100% (LD100)
of cell death was added (1 and 25 nM for A431 cells, 10 and 100 nM for scc-US cells)
(see Figure S1). Cells were incubated with the conjugates for 30 min at 37 °C. Thereafter,
cells were washed twice with PDT medium and illuminated with 5 mW/cm2 for 33 min
in the case of A431 cells, or 7 mW/cm? for 59 min in the case of scc-U8 cells (equal to
10 and 25 J/cm?, respectively). Fluence rate was measured with an Orion/PD optometer
(Ophir Optronics) and light applied using a 690 nm laser (Modulight, ML7700). Cells
were always seeded in two separate 96-well plates: one plate receiving light including
conditions without conjugate (only light control), and LD50 and LD100 concentrations
(NB-PDT); and another plate not illuminated and featuring the controls of LD100 (only
conjugate control) and untreated cells.

Mechanism of Cell Death

Right after NB-PDT, CellEvent caspase 3/7 green detection reagent (caspase 3/7)
(Invitrogen) and propidium iodide (PI) (Invitrogen) were added to the cells in a final
dilution of 1:10 and 1:1000, respectively. Well plates were placed back in the incubator
for 2 h and, hereafter, cells were imaged with an EVOS microscope (Thermo Fisher
Scientific) using transmitted light, the GFP light cube for caspase 3/7, and the RFP light
cube for PI (20x objective). Plates were returned to the incubator and imaged again 18 h
after NB-PDT.

Cellular Localization of HSP70 and HMGB1 on Tumor Cells

NB-PDT was performed as described above, with the only difference being that cells
were seeded on 16 wells Lab-Tek Chamber Slides (Thermo Fisher Scientific, 178599).
For HSP70 detection, chamber slides were returned to the incubator after NB-PDT for 4
h, followed by 10 min at room temperature and 10 min at 4 °C. Cells were washed with
medium (DMEM without phenol red supplemented with 25 mM HEPES and 2% BSA,
pH 7.2) and the primary antibody Mouse anti-HSP70 (Thermo Fisher Scientific, MA3-
009) was added for 1 hat4 °C (1:100 in medium). Cells were fixed with 4% PFA (Merck)
for 15 min at room temperature and the secondary antibody Goat anti-Mouse Alexa555
(Molecular probes, A21424) was added for 1 h at room temperature (1:200 in PBS + 2%
BSA). Cells were stained with DAPI (Roche) and imaged with a Confocal Laser Scanning
Microscope (Carl Zeiss Microscopy GmbH, LSM700) using a plan-apochromat 63x/1.40
Oil DIC objective.

For HMGBI detection, chamber slides were returned to the incubator after NB-
PDT for 4 h, followed by 10 min at room temperature. Cells were fixed with 4% PFA and
permeabilized with 0.2% Triton X-100 (Sigma-Aldrich) for 15 min at room temperature.
The primary antibody Rabbit anti- HMGB1 (Invitrogen, PA1-16926) was added for 1 h
at room temperature (1:50 in in PBS + 2% BSA), followed by staining with the secondary
antibody Donkey anti-Rabbit Alexa488 (Invitrogen, A21206) for 1 h at room temperature
(1:500 in PBS + 2% BSA).

Detection of ATP in the Supernatant of Tumor Cells

NB-PDT was performed, plates were placed back in the incubator and supernatants were
collected 4 h later. Cell debris was removed by spinning down, supernatants were added
to a white 96-well plate (Greiner Bio-One) and mixed with CellTiter-Glo 3D (Promega,
G9681) in a 1:1 ratio. Plates were incubated for 5 min on a horizontal orbital microplate
shaker followed by an incubation of 25 min at room temperature, protected from light.
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Luminescence was measured with a GloMax 96™ microplate luminometer (Promega).
Assay performance was verified each time by including ATP standards (Promega).

Detection of HSP70 in the Supernatant of Tumor Cells

NB-PDT was performed as described above, plates were placed back in the incubator and
the supernatants were collected 24 h later. Cell debris was removed and a Human HSP70
ELISA kit (Invitrogen, BMS2087) was used with the supernatants, according to the
manufacturer’s protocol.

Detection of IL-1B, IL-6, and IL-8 in the Supernatant of Tumor Cells

A431 cells or scc-U8 cells were seeded on 6 cm petri dishes (650.000 and 700.000
cells/dish, respectively). The next day, NB-PDT was performed as described above and,
afterwards, dishes were placed back in the incubator for 24 h. Supernatants were collected
and concentrated using 3K Amicon Ultra Centrifugal Filters (Merck). IL-6, IL-8, and IL-
1B were then detected in the concentrated supernatants using a Human Magnetic Luminex
Assay (R&D Systems), following the protocol of the manufacturer.

Generation, Stimulation and Analysis of Dendritic Cells Maturation

Human peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats of
healthy donors by means of density gradient centrifugation using LeucoSep tubes
(Greiner Bio-One), followed by CD14+ monocyte isolation using magnetic negative
selection with a Monocyte Isolation Kit (Miltenyi Biotec). Monocytes were cultured for
7 days in Roswell Park Memorial Institute (RPMI) 1640 with L-glutamine (Thermo
Fisher Scientific) supplemented with 10% fetal calf serum (Bodinco), 100 U/mL
penicillin/streptomycin (Thermo Fisher Scientific), 100 ng/mL IL-4 (ProSpec), and 60
ng/mL GM-CSF (ProSpec). Immature moDCs were harvested at day 8 and seeded into a
96-well plate at a density of 1 x 105 cells/well in culture medium without IL-4 and GM-
CSF. Immature moDCs were either left unstimulated, stimulated with 100 ng/mL LPS
(InvivoGen, E. coli 055:B5) or with tumor conditioned media from different NB-PDT
conditions. On average, 1 x 105 moDCs were incubated with supernatant of 3 x 104
tumor cells. After 24 h of stimulation, moDCs were collected, stained for surface markers
and analyzed by flow cytometry using a FACS Canto II (BD Biosciences). Cells were
stained with antibodies against the following markers: CD11lc (PerCP- ¢710), CD14
(APC), CD86 (PE-Cy7) and MHCII (PE) (eBioscience), as well as the viability dye YO-
PRO1 (Thermo Fisher Scientific). Expression of CD86 on moDCs was quantified as %
of positive cells, due to its bimodal distribution, while mean fluorescence intensity (MFI)
was used to denote MHCII expression. Furthermore, supernatants were collected and
stored at —20 °C to later on measure IL- 12p40, IL-1p and IL-10 levels by Luminex (R&D
Systems), according to the manufacturer’s protocols.

Generation and Analysis of CD4+ T Cells Activation

Human PBMCs were isolated from buffy coats of healthy donors by means of density
gradient centrifugation using LeucoSep tubes (Greiner), followed by CD4+ cells isolation
using magnetic negative selection with a Naive CD4+ T cell isolation kit II human
(Miltenyi Biotec, 130-094-131). Naive CD4+ cells were labeled with the proliferation
dye CFSE (Thermo Fisher Scientific, C34570) and co- cultured with allogeneic moDCs
(stimulated as described above) at DC:T cell ratio of 1:10 in Iscove’s Modified
Dulbecco’s Medium (IMDM) with glutamax (Gibco), supplemented with 10% fetal calf
serum, 100 U/mL penicillin/streptomycin, 20 pg/mL apo-transferrine and 50 pM -
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mercaptoethanol. After 6 days of co-incubation, cells were collected and stained with
antibodies anti-CD4-PerCP-Cy5.5 (eBioscience, 45-0048-42) and anti-CD3-APC
(BioLegend, 300412). Samples were analyzed by flow cytometry using a FACS Canto IT
(BD Biosciences) and the proliferating fraction identified based on the CFSE-negative
population from samples with CFSE-labeled CD4+ T cells alone. Furthermore, the
supernatants derived from the co-incubation were collected and stored at —20 °C to
measure later IFNy levels by ELISA (Invitrogen), according to the manufacturer’s
protocol.

Statistical Analysis

Data were analyzed with GraphPad Prism 8 software using one-way ANOVA with a
Tukey post-hoc test to compare between conditions. Statistical significance was displayed
as * p<0.05 **p<0.01, and *** p <0.001.

Results

Necrosis Is the Main Cell Death Mechanism Induced by NB-PDT

Taking into account possible variations in EGFR expression and in light penetration, the
type of cell death induced by NB-PDT was investigated after mild (LD50) and highly
cytotoxic (LD100) NB-PDT, on high and moderate EGFR-expressing cells, i.e., A431
and scc-U8 cells, respectively. An overview of the LD50 and LD100 used in this study
for each cell line is depicted on Figure S1. The cell death mechanism was studied 2 and
18 h after treatment, by means of fluorescent dyes denoting apoptosis or necrosis.
Necrosis was the main cell death mechanism triggered by NB-PDT on A431 cells (Figure
1a). Cell morphology resembled the positive control for necrosis, reflecting the extensive
damage that this conjugate induces on the cell membrane. Morphological changes on the
cells 2 h after treatment, i.e., rounded up cells, indicate that cells are rapidly affected by
NB-PDT. Contrary to A431 cells, scc-U8 cells showed only slight morphological changes
shortly after treatment, while after 18 h a mixture of both necrotic and apoptotic cells
could be detected under the highly cytotoxic condition (Figure 1b). No cell death signal
was detected upon the use of the individual components of NB-PDT, indicating the lack
of toxicity when using the conjugate or light alone (Figure S2a).

Cellular Localization of HSP70 and HMGB1 Change on Tumor Cells Treated with
NB-PDT

Changes in the localization of several DAMPs within tumor cells were investigated 4 h
after treatment with NB-PDT. This early time point was chosen to allow visualization of
not yet severely damaged cells and facilitate detection of these DAMPs in the different
cell compartments. Here, the DAMPs HSP70 (a cytoplasmic chaperone) and HMGBI (a
nuclear chromosomal protein) were considered. An increase of HSP70 on the cell
membrane was observed after mild NB-PDT in comparison to untreated cells (Figure
2a,b) and controls of only light or conjugate (Figure S2b). On the other hand, HSP70 was
detected in the cytoplasm and nucleus of cells after the highly cytotoxic treatment in the
case of A431 cells. This is in line with the extensive damage imposed on the cell
membrane with this NB-PDT condition, resulting in a permeabilized membrane allowing
intracellular detection of HSP70. Overall, the membrane staining of HSP70 was more
evident on A431 cells than on scc-U8 cells and no extensive membrane damage was yet
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observed on scc-US cells after the highly cytotoxic treatment in the time frame of this
experiment.

HMGBI1 was predominantly present in the nucleus of untreated A431 and scc-US8
cells (Figure 2c¢,d), as well as control cells exposed to only light or conjugate (Figure S2c).
After mild and highly cytotoxic NB-PDT, HMGBI1 was detected in both nucleus and
cytoplasm of the cells. Of note, HMGB1 was found to be almost completely excluded
from the nucleus in a large number of A431 cells under the highly cytotoxic condition,
again indicative of the substantial damage inflicted by NB-PDT to this cell line at early
time points. Overall, both A431 and scc-US cells depicted a similar behavior regarding
the changes in localization of both DAMPs.

2 h after NB-PDT 18 h after NB-PDT Necrosis Apoptosis
NT LD50 LD100 LD50 LD100 control control

Figure 1 Cell death mechanism induced by nanobody-targeted photodynamic therapy (NB-PDT).
Tumor cells were left untreated (NT) or treated with NB-PDT using 7D12-PS (LD50 or LD100)
and stained with propidium iodide (PI) for necrotic cells (red) and caspase 3/7 for apoptotic cells
(green), controls for necrosis and apoptosis were included. Microscopy images of (a) A431 cells
and (b) scc-U8 cells were taken 2 and 18 h after NB-PDT. Top panels depict the transmitted light
image and bottom panels the merged images of necrotic and apoptotic cells. Scale bar, 20 um.

NB-PDT Induces ATP and HSP70 Release from Treated Tumor Cells

For both cell lines, a higher amount of ATP was detected in the supernatant of tumor cells
4 h after NB-PDT, under both mild and highly cytotoxic conditions (Figure 3a,b). A431
cells treated with NB-PDT showed higher release of ATP when compared with scc-U8
cells. Similarly, high concentrations of HSP70 were detected in the supernatant of treated
tumor cells (Figure 3c,d). Nonetheless, in this case, the HSP70 concentration in the
supernatants was comparable between cell lines. For both DAMPs, release was always
more pronounced when cells were treated with the highly cytotoxic NB-PDT.
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Figure 2 Cellular localization of heat shock protein 70 (HSP70) and high mobility group box 1
protein (HMGB1) on tumor cells treated with NB-PDT. Tumor cells were left untreated (NT) or
treated with NB-PDT using 7D12-PS (LD50 or LD100), and 4 h later stained for HSP70 or
HMGBI. Staining of HSP70 (red) was performed on non-permeabilized (a) A431 cells and (b)
scc-U8 cells. Intracellular staining of HMGBI1 (green) was performed on (c) A431 cells and (d)
scc-U8 cells. Cell nuclei were additionally stained with DAPI (blue). Top panels depict only the
damage-associated molecular pattern (DAMP) signal, while merged images are shown on the
bottom panels. Scale bar, 20 pm.
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Figure 3 Quantification of ATP and HSP70 release from tumor cells after NB-PDT. ATP in the
supernatant was detected 4 h after NB-PDT via a luminescence assay and graphs show
luminescence values relative to untreated cells for (a) A431 cells and (b) scc-U8 cells.
Additionally, released HSP70 was detected 24 h after treatment using ELISA on (c) A431 cells
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and (d) scc-U8 cells. NT, untreated; LD50, mild cytotoxic NB-PDT; LD100, highly cytotoxic
NB-PDT; Light, only light control; NB-PS, only nanobody-photosensitizer (NB-PS) conjugate
control. Significance is displayed as * p < 0.05 and ** p <0.01.

Cytokine Levels Released by Tumor Cells Are Altered after NB-PDT

Release of particular cytokines from tumor cells was investigated after NB-PDT. High
concentrations of the proinflammatory cytokines IL-1p (Figure 4a) and IL-6 (Figure 4b)
were quantified in the supernatants of A431 cells treated with the highly cytotoxic NB-
PDT. Changes regarding the levels of these cytokines were less pronounced on the
moderate-EGFR expressing scc- U8 cells (Figure 4d,e), but similar trends were detected.
Furthermore, both tumor cell lines secreted considerable amounts of IL-8, which were
substantially reduced after both mild and highly cytotoxic NB-PDT (Figure 4c,f).
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Figure 4 Quantification of IL-1f, IL-6 and IL-8 release by tumor cells treated with NB-PDT.
A431] or scc-US cells were treated with NB-PDT and the concentration of several cytokines in the
supernatant was quantified 24 h later. Graphs display the quantification of IL-1f, IL-6 and IL-8
on A431 cells (a, b, and c, respectively) and on scc-U8 cells (d, e, and f, respectively). NT,
untreated; LD50, mild cytotoxic NB-PDT; LD100, highly cytotoxic NB-PDT; Light, only light
control; NB-PS, only NB-PS conjugate control. Significance is displayed as * p < 0.05, ** p <
0.01 and *** p < 0.001.

Maturation of Dendritic Cells Is Induced by NB-PDT Treated Tumor Supernatants

Monocyte-derived DCs (moDCs) were incubated with the conditioned medium of tumor
cells treated with NB-PDT and the expression of two maturation markers, MHCII (an
antigen presenting molecule) and CD86 (a costimulatory molecule), on the surface of
moDCs was evaluated. Lipopolysaccharide (LPS) stimulation was used as a positive
control. Subsequently, increase of the CD86+ population was detected only when moDCs
were incubated with LPS or conditioned medium of cells treated with highly cytotoxic
NB-PDT (Figure 5a,b). All the other groups, including mild NB-PDT and controls of the
single components of the treatment, failed to induce significant upregulation of this
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maturation marker. The same trend was observed for the upregulation of MHCII on
moDCs, although significance was affected by the intrinsic differences between donors.

Besides phenotypic maturation, further activation of moDCs was investigated by
measuring their release of IL-12, IL-1p, and IL-10 after incubation with NB-PDT treated
tumor supernatant. First, IL12-p70 detection in the supernatant of moDCs was attempted
since this is the prime cytokine released by DCs to activate T cells. Nonetheless, results
were negative due to the detection limit of the assay employed (not shown). On the other
hand, a trend towards increased release of other main cytokines, i.e., IL-12p40 and IL-
1B, was detected in moDCs incubated with tumor supernatant from the highly cytotoxic
condition (Figure 5c,d), which can be associated with an immunostimulatory profile.
Release of IL-10, an anti-inflammatory cytokine, was also found to be elevated in these
moDCs (Figure 5e¢). From the five different donors from which moDCs were isolated,
only the moDCs of one of these donors (green circles in Figure 5) did not respond to NB-
PDT in terms of phenotype maturation and cytokine release.

Dendritic Cells Exhibit a Stronger Ability to Induce CD4+ T Cell Activation after
Stimulation with NB-PDT Treated Tumor Supernatants

After detecting increased expression of MHCII and CD86 on the surface of moDCs, we
speculated that these stimulated moDCs, upon crosslinking, would increase CD4+ T cell
activation. To prove this, stimulated moDCs were cocultured with allogeneic naive CD4+
T cells and, after a 6- day coculture, the activation of T cell was investigated, which
involves T cell proliferation accompanied by IFNy production. In this context, moDCs
stimulated with supernatant of tumor cells treated with highly cytotoxic NB-PDT were
able to enhance the proliferation (Figure 6a) and IFNy production (Figure 6b) of CD4+ T
cells, compared to untreated moDCs. LPS treated moDCs served as positive control. On
the contrary, no T cell activation was detected for any other NB-PDT condition or control.
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Figure 5 Phenotypic maturation and cytokine release of monocyte-derived dendritic cells
(moDCs) incubated with supernatant of NB-PDT treated tumor cells. A431 cells were treated
with NB-PDT, the supernatant was collected 24 h later and incubated with immature moDCs for
another 24 h. Surface marker expression on moDCs was measured with flow cytometry, and
cytokine release was assessed by Luminex. (a) Percentage of CD86 positive moDCs. (b) Median
fluorescence intensity (MFI) corresponding to MHCII surface expression on moDCs. Each moDC
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donor (n = 5) is represented by a different symbol and color. ctr, unstimulated DCs;
lipopolysaccharide (LPS), LPS-stimulated DCs; NT, untreated tumor cells; LD50, mild cytotoxic
NB-PDT; LD100, highly cytotoxic NB-PDT; Light, only light control; NB-PS, only NB-PS
conjugate control. Significance is displayed as * p < 0.05, ** p <0.01, and *** p < 0.001. C-E,
MEFI corresponding to the release by moDCs of (c) IL-12p40, (d) IL-1f and (e) IL-10 (n =4). No
statistical significance was found between groups due to the intrinsic differences between donors.
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Figure 6 Enhanced proliferation and IFNy release of CD4+ T cells induced by moDCs stimulated
with supernatant of NB-PDT treated tumor cells. A431 cells were treated with NB-PDT, the
supernatant was collected 24 h later and incubated with immature moDCs for another 24 h.
moDCs were then co- incubated with allogeneic CFSE-labeled CD4+ T cells in a 1:10 ratio. After
6 days, CD4+ T cell proliferation was measured with flow cytometry and IFNy release was
assessed by ELISA. (a) Percentage of CD4+ T cells with weak CFSE signal, thus proliferating
cells (n = 4). (b) Quantification of released IFNy by CD4+ T cells (n = 3). Each combination of
allogeneic donors is represented by a different symbol and color. ctr, unstimulated DCs; LPS,
LPS-stimulated DCs; NT, untreated tumor cells; LD50, mild cytotoxic NB-PDT; LD100, highly
cytotoxic NB-PDT; Light, only light control; NB-PS, only NB-PS conjugate control. Significance
is displayed as * p < 0.05, ** p < 0.01 and *** p < 0.001.

Discussion

NB-PDT has been developed as a more tumor-selective alternative to PDT and has
already shown great potential in vitro and in preclinical models [7,8,13,14]. NB-PDT
allows light application shortly after PS administration, ensures extensive tumor damage,
and is expected to reduce the post- treatment phototoxicity associated with some PDT
protocols. Both NB-PDT and its conventional counterpart initially cause extensive
damage to the primary tumor and to the tumor vasculature [2,15]. In addition, the
conventional approach has been described to also stimulate an antitumor immunity [3,4].
Consequently, this local treatment can induce a systemic effect, a feature that is highly
desirable for protection against metastasis and recurrences. In this study, for the first time,
the immunomodulatory potential of NB-PDT is addressed. We describe the first steps
regarding this aspect: in vitro NB-PDT induces a large extent of necrosis, leads to changes
in cellular localization and release of well-known DAMPs and proinflammatory
cytokines from tumor cells, and ultimately induces the maturation of moDCs and
subsequent CD4+ T cell activation.

It has been firmly established that PDT can be a potent inducer of ICD, which
together with the triggered initial local inflammation, can promote the development of an
adaptive immune response against the tumor [16]. Nonetheless, the development of such
a response is not always successful since it is ultimately influenced by the type of PS and
its cellular localization, tumor type and stage, and illumination protocol, among other
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factors [21]. To cover some of these aspects, we employed: (1) two tumor cell lines
expressing high (A431 cells) and moderate (scc-U8 cells) EGFR levels, and (2) two
concentrations of the conjugate 7D12-PS to yield mild (LD50) and highly cytotoxic
(LD100) NB-PDT. In our previous studies, an additional NB-PS was employed, i.e.,
7D12-9G8-PS. This nanobody has been described to lead to faster internalization of
EGFR [22] and consequently to a more pronounced delivery of PS intracellularly [8],
altogether leading to more toxicity in vitro (lower LD50 than 7D12-PS). However, in the
context of this study, no significant differences were observed compared to 7D12-PS
(Figure S4). Together with the fact that the monovalent nanobody format is expected to
distribute more homogenously than a bivalent format [11], this study was focused on one
conjugate only, i.e., 7D12-PS.

Conventional PDT mostly uses hydrophobic PSs which are internalized by the cells
and mainly end up in the mitochondria, endoplasmic reticulum, or lysosomes.
Consequently, the main cell death mechanism triggered by most PSs is apoptosis due to
initial damage to these organelles [5]. We showed that, in the case of NB-PDT using
7D12-PS, necrosis is the main cause of cell death (Figure 1). This is because the conjugate
is mostly present on the cell membrane at the time of the light application, as previously
reported in [8], leading to its substantial damage. As a result of the loss of plasma
membrane integrity, ATP depletion can rapidly occur, which directs the death program
towards necrosis [23,24]. Likewise, extensive cell membrane damage has been reported
for EGFR- targeted PDT using antibodies [25]. On the other hand, some apoptotic scc-
U8 cells were observed when treated with 7D12-PS, pointing towards the idea that lower
membrane EGFR levels equals less abrupt damage on the cell membrane, thus giving the
cell time to respond in other ways (e.g., apoptosis). Interestingly, the use of 7D12-9G8-
PS, which internalizes faster, led to cell death in a more rapid fashion than the monomeric
counterpart (Figure S3a), which might be explained by a combination of higher avidity
and internalization capacity. Besides necrosis, some degree of apoptosis was triggered by
this conjugate, suggesting a similar organelle damage to that of conventional PSs when
the NB-PS is internalized. Despite these differences in the induced mechanism of cell
death, this did not seem to have a significant effect on the subsequent release of DAMPs
(Figure S3b,c).

Overall, it seems that for NB-PDT the amount of NB-PS conjugate on the
membrane is decisive for the induction of rapid necrosis, and we showed this can vary
depending on target expression, conjugate concentration or internalizing rate of the
conjugate. There is so far not a consensus on whether PDT-induced necrosis or apoptosis
is more suitable to trigger an antitumor immune response, although some advocate the
latter [26]. Nevertheless, it is likely that in the clinical setting both types of cell death will
simultaneously occur, and both can contribute to the successful activation of immune
cells due to the release and exposure of DAMPs and other immunogenic molecules from
the dying cells [27].

This exposure of immunogenic molecules after NB-PDT was the next event
explored in this study. Conventional PDT is described to induce exposure of HSP70,
among other chaperones, on the membrane of tumor cells [28-31]. Membrane exposure
of HSP70 was indeed observed on A431 and scc-U8 cells treated with mild NB-PDT,
although it was more evident on the high EGFR-expressing cells at the early timepoint
studied (Figure 2a,b). When HSP70 is located on the cell membrane, it displays unique
functions since it can be recognized by antigen presenting cells and it aids in the cross-
presentation of tumor antigens [32]. Hence, mild NB-PDT seems to provide a setting
where these mechanisms can take place, while the highly cytotoxic condition relies
mostly on a substantial release of DAMPs. Another DAMP, HMGBI, has been described
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to change its cellular localization after conventional PDT, from nuclear to cytoplasmic,
being subsequently released [28,30,33]. The same changes in the localization of HMGB1
were observed here on both A431 and scc-U8 cells treated with NB-PDT (Figure 2c,d).
In our case, the highly cytotoxic condition not only induced translocation of this DAMP
to the cytoplasm, but it was also excluded from the nucleus in some A431 cells, as also
described by other groups using conventional PDT [33].

The release from tumor cells of two DAMPS (i.e., HSP70 and ATP) was also
addressed, knowing that both can determine the immunogenicity of the dying cells [27]
and their release has been described after conventional PDT [28-30,34]. HSP70 and ATP
were indeed released from both A431 cells (treated with either 7D12-PS or 7D12-9G8-
PS) and scc-U8 cells (treated with 7D12-PS) (Figure 3 and Figure S3b,c). In agreement
with the extent of induced cell death, the highly cytotoxic NB-PDT always led to the
largest release of these DAMPs, followed by the mild treatment, suggesting passive
release of DAMPs from the necrotic cells. Although differences were observed in
confocal images taken from A431 and scc-U8 cells (Figure 2a,b), the HSP70
concentration in the supernatants was comparable between cell lines. This can be
explained by the fact that HSP70 release was quantified 24 h after treatment, when we
expect complete effect of the LD50 and LD100 treatment and no differences between cell
lines due to the less extensive damage on scc-US8 early after NB-PDT. Concerning the
biparatopic conjugate, this did not yield higher amounts of released ATP than 7D12- PS
(measured 4 h after NB-PDT), while the extent of cell death is considerably larger, shortly
after treatment. This can be related to the induction of a mix of apoptosis and necrosis by
7D12-9G8-PS, where ATP is being utilized to execute the programmed cell death
mechanism instead of being released. The release of HMGB1 was not investigated in our
study, but its change in cellular localization (Figure 2c,d) suggests its release will
eventually take place, where it can regulate antigen processing and presentation by DCs
[32]. Importantly, one of the hallmarks of ICD, together with HMGB1 and ATP release,
is calreticulin surface exposure. Our attempts to explore this event under the microscope
have thus far not been successful. Antibody-targeted PDT induces only minimal
calreticulin exposure compared to HSP70 or HSP90, as measured by flow cytometry, but
is still able to trigger potent ICD [25]. Flow cytometry is a more sensitive technique than
fluorescence microscopy, able to detect these slight changes. We believe the use of more
sensitive and quantitative techniques would further support the potential of NB-PDT to
induce ICD.

Besides DAMPs, cytokines can also be released by dying tumor cells. In this study,
we were able to detect an increased release of the proinflammatory cytokines IL-1p and
IL-6 from tumor cells treated with the highly cytotoxic NB-PDT (Figure 4). At the same
time, IL-8 secretion was considerably decreased after NB-PDT. In this case, IL-8 might
be having a protumoral function on the tumor cells, as suggested in [35], since high basal
levels of released IL-8 are detected from untreated cells. Others have described
modulation of cytokine production of IL-1a, IL-1p, IL-2, IL-4, IL-6, IL-8, IL-10, IL-17A,
TNF-a, and IFN-y on tumor cells treated with conventional PDT [36-38], but their
increase or decrease seems to highly depend on the cell line and PDT protocol used. Of
note, we observed a small but significant decrease of IL-6 release only after mild NB-
PDT, which, incidentally, has also been reported after a sublethal PDT dose [36]. This
was an unexpected observation and further study will help elucidate this aspect. On the
whole, our results point towards an immunostimulatory cytokine profile of the NB-PDT
treated tumor cells.

The key element of ICD is the stimulation of immune cells after the
release/exposure of immunogenic molecules from dying cells. In this context, DCs are of
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particular interest due to their ability to bridge innate and adaptive immune response. We
have confirmed that indeed moDCs show maturation features when in the presence of
supernatant of tumor cells treated with the highly cytotoxic NB-PDT, including
upregulation of the maturation markers CD86 and MHC II (Figure 5a,b) and increased
secretion of IL12-p40, IL-1p, and IL-10 (Figure 5c¢,d). It is important to mention that there
exist considerable intrinsic differences between donors, which impacts the statistical
significance of this set of experiments. Interestingly, we have observed a similar
upregulation pattern of maturation markers on moDCs (although statistically
nonsignificant) when using conditioned medium of treated scc-U8§ cells in a small scale
experiment (Figure S4), suggesting a more moderate damage to the tumor cells may lead
as well to phenotypic maturation of moDCs. Nevertheless, conclusions should be
carefully drawn from such a small scale experiment. Others have reported maturation of
DCs induced by conventional PDT, including upregulation of CD40, CD80, CD&3,
CD86, and MHC II, accompanied by increased secretion of IL-1p, IL-12, nitric oxide,
and IFN-y [26,30,31,34,39]. Although secretion of IL-10 (an immunosuppressive
cytokine) has been reported as reduced or absent in some studies [26,34], others like ours
show low levels of this cytokine are still secreted by PDT-stimulated DCs [31]. In our
case, this might be explained by the fact that the NB-PDT treated tumor supernatants
present TLR4 agonist activity (Figure S5), in agreement with the increase of HSP70 and
HMGBI that are TLR4 agonists themselves and can trigger IL-10 release [27].

A crucial event for antitumor immunity is the subsequent activation of naive T cells
by mature DCs. We describe that moDCs stimulated by tumor supernatant of the highly
cytotoxic NB-PDT condition are able to provide the adequate stimulatory signals for the
proliferation of CD4+ T cells (Figure 6a) and differentiation towards Th1 CD4+ effector
T cells, as indicated by the substantial release of [IFNy (Figure 6b). Th1 CD4+ effector T
cells are known to have a clear antitumor role and, via IFNy release, can sustain a potent
cellular immune response involving CD8+ cytotoxic T cells [40,41]. Although the
activation of these cytotoxic T cells was not investigated in our study, their importance
for tumor control is evident and we will further expand on this aspect in future in vivo
studies. In line with our findings, induction of T cell proliferation and activation in vitro
has also been described after conventional PDT [26,31,42].

One important aspect to highlight is that although NB-PDT induces a large extent
of necrosis, the immunogenicity here observed is not purely a passive effect of accidental
necrosis and subsequent cell content release. It has been shown that cell lysates obtained
by the freeze-thaw method, mimicking accidental necrosis, often fail to induce a marked
upregulation of surface maturation markers on DCs and to activate T cells, while inducing
very high levels of secreted IL-10 by DCs [26,31,34]. This supports the fact that NB-PDT
leads to tumor cell death with a distinct immunogenic profile than mere accidental
necrosis. Although the exact mechanism of how a PS localized on the cell membrane
leads to ICD is still not fully elucidated, some clues have been given for antibody-targeted
PDT, which can likely also be valid for NB-PDT. It has been shown that antibody-
targeted PDT induces tiny perforations on the plasma membrane, followed by ionic
imbalance and increase in membrane permeability, leading to cell rupture, necrosis and
ICD [43]. In the same line, it has also been reported that the anticancer peptide RT53
induces a non-regulated form of necrosis which is immunogenic, including disruption of
plasma membrane, release of intracellular content, and chaperone exposure via a distinct
mechanism which does not follow the “canonical” pathways elicited by other ICD
inducers [44]. In these cases, such as with NB-PDT, ICD is suggested to begin with cell
membrane damage, possibly leading to ionic imbalance and the surface exposure of
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chaperones, which has been suggested to be controlled by endoplasmic reticulum Ca2+
levels [45], though additional studies should explore this further.

Altogether, our in vitro study shows that the presence of ICD markers and activation
of immune cells induced by NB-PDT is more robust and pronounced when using a tumor
cell line with high expression levels of the target. We expect that NB-PDT on tumor cells
with moderate target expression will lead to more pronounced effects in vivo than in vitro,
where tumor vasculature damage also plays a role. It has already been demonstrated that
NB-PDT induces extensive tumor damage on a model with moderate expression levels
[7] and, in addition, antibody-targeted PDT has been reported to trigger antitumor
immunity against tumor cells with moderate levels of target [46]. Another aspect to
underline from our study is the moderate immunogenicity induced by the mild NB-PDT
condition. Others have used the treated tumor cells themselves as the initial stimulant
[26,30,31,34,39], while we are the first to rely on the immunomodulatory effects of the
conditioned medium of the treated cells, without the use of immunoadjuvants [47]. In our
setup, the importance of released immunogenic factors plays a more essential role, which
is known to abundantly happen in cells dying by necrosis (highly cytotoxic NB-PDT) in
comparison to (immunogenic) apoptotic cells. The mild NB-PDT might rely on a
combination of released and exposed molecules on the membrane of dying cells and a co-
incubation setup may yield more promising results. Others have focused their efforts on
using PDT doses inducing ~90% of cell death for the stimulation of DCs, often with the
goal of developing antitumor vaccines, thus comparison is difficult in this context.
Interestingly, suboptimal PDT protocols in vivo are potent immunostimulants despite the
initial low tumor damage [48], thus it seems reasonable to believe that NB-PDT doses
resulting in lower cytotoxicity can also lead to immunostimulation in the in vivo setting.

In conclusion, we have shown that NB-PDT holds the potential to stimulate the
immune system. This can make an initial local treatment, which causes extensive damage
to the primary tumor, also a systemic treatment capable of fighting metastases and
preventing recurrences. The initial steps reported here pave the way for a series of events
which are deemed of paramount importance if NB-PDT is to be further developed towards
the clinic. Our next efforts will be directed towards investigating the immune effects of
NB-PDT in preclinical models, to determine the extent of the systemic effects induced
and to assess the development of an antitumor immunity.

Conclusions

Our results show, for the first time, that NB-PDT induces rapid necrosis leading to the
exposure and release of DAMPs and cytokines from dying tumor cells. Consequently,
maturation of DCs and T cell activation is induced. These findings suggest that NB-PDT,
like conventional PDT, can trigger ICD and potentially stimulate the immune system,
providing systemic effects to a selective and local therapy.
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Figure S1 Cytotoxicity induced by NB-PDT on different cell lines. A431 and scc-U8 cells were
treated with NBPDT with a concentration range of 7D12-PS conjugate. Cells were placed back
in the incubator and cell viability was assessed 24 hours after the treatment using AlamarBlue
reagent. (a) Cell viability curves (% relative to untreated cells) from which LD50 values were
calculated. (b) Overview of the LD50 values for each cell line. Differences in the cytotoxicity of
the treatment on the different cell lines are explained by the 3-fold higher EGFR levels on A431
cells. (c) Overview of the concentrations to achieve LD50 and LD100 used in this study for each
cell line.
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Figure S2 NB-PDT controls on A431 cells for different assays. (a) Tumor cells were subjected
to either only light or only 7D12-PS conjugate (LD100) and stained with PI for necrotic cells and
caspase 3/7 for apoptotic cells. Microscopy images were taken 18 hours later. Top panels depict
the transmitted light image, while merged images of necrotic and apoptotic cells are shown on the
bottom panels. (b) and (c) Tumor cells were subjected to the single components of PDT. Four
hours later, either (b) extracellular staining of HSP70 (red) or (c) intracellular staining of HMGBI1
(green) was performed. Cell nuclei were additionally stained with DAPI (blue). Top panels depict

only the DAMP signal, while merged images are shown on the bottom panels. The same controls
reported in this figure were also performed with scc-U8 cells, resulting in similar images.

HSP70

/ Nucleus

HSP70 / Nucleus

158



Nanobody-targeted PDT triggers immune responses

(a) 2 h after NB-PDT 18 h after NB-PDT

NT LD50 LD100 LD50 LD100

'a“ *kk

Q —_—

[ - —*

§ 104 . E 10
— 2

2 - £

E R .

2 5 % 5

E I

0 ; ol—==lo T
‘é Q
v V

Figure S3 Effect of NB-PDT with the biparatopic conjugate 7D12-9G8-PS on tumor cells. (a)
A431 cells were left untreated (NT) or treated with NB-PDT (LD50 or LD100) and stained with
PI for necrotic cells (red) and caspase 3/7 for apoptotic cells (green). Microscopy images were
taken 2 and 18 hours after the treatment. Top panels depict the transmitted light image, while
merged images of necrotic and apoptotic cells are shown on the bottom panels. Cells that are
stained with both dyes appear orange and represent apoptotic cells at a later stage. Scale bar,
20um. (b) and (c) A431 cells were left untreated or treated with NB-PDT (or controls consisting
of only light or NB-PS conjugate). ATP in the supernatant was detected 4 hours later via a
luminescence assay and graphs show luminescence values relative to untreated cells (b).
Additionally, HSP70 in the supernatant was detected 24 hours after treatment using ELISA (c).
Significance is displayed as *p < 0.05, **p <0.01 and ***p < 0.001.
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Figure S4 Phenotypic maturation of moDCs incubated with supernatant of NB-PDT treated scc-
U8 cells. scc-U8 cells were left untreated (NT) or treated with NB-PDT using 7D12-PS (LD50 or
LD100) and the respective controls (only light or NB-PS conjugate). The supernatant was
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collected 24 hours later and incubated with immature moDCs for another 24 hours. Surface
marker expression on moDCs was measured with flow cytometry. A positive control was obtained
by incubating moDCs with 100 ng/ml LPS for 24 hours (LPS), and a control consisting of
unstimulated moDCs (ctr) was included. (a) Percentage of CD86 positive moDCs. (b) Median
fluorescence intensity (MFI) corresponding to MHC II expression on moDCs. Each donor is
represented by a different symbol (n=2).
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Figure S5 Tumor supernatant after NB-PDT presents TLR4 agonistic activity. A431 cells were
left untreated (NT), treated with NB-PDT using 7D12-PS (LD100) or a control with only
conjugate (NB-PS). The supernatant was collected 24 hours later and used in a reporter assay with
the cell line HEK-Blue-hTLR4 cells (InvivoGen, hkb-htlr4) following the manufacturer’s
protocol. Tumor supernatant after treatment with highly cytotoxic NB-PDT showed TLR4
agonistic activity equivalent to 7.2 ng/ml of LPS.
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Chapter 8

Summary

Cancer is a highly heterogeneous disease and, as such, its treatment presents one of the
greatest scientific and medical challenges. Mainstream therapeutic options are often
accompanied by side effects and have substantial impact on the quality of life of patients.
Efforts have been made in the direction towards novel tumor-selective approaches, with
the idea to minimize damage to healthy tissues. In this thesis we focus on an approach
developed over the last 7 years: nanobody-targeted photodynamic therapy (NB-PDT).
This targeted approach makes use of nanobodies (NBs), which are the smallest naturally
occurring antigen binding domains. The NBs guide the selective delivery of a
photosensitizer (PS) to the tumor cells, a molecule that upon local light application leads
to the formation of reactive oxygen species and consequent cell death. NB-PDT has so
far shown promise in vitro and in orthotopic mouse models using different molecular
targets. As the next step, this thesis focuses on positioning NB-PDT one step closer to the
clinic.

In Chapter 1, a general introduction on the current cancer therapies in the clinic
is provided, emphasizing the limitations of these and need for new approaches.
Photodynamic therapy (PDT) is presented as a tumor-selective and minimally invasive
strategy, but still underutilized in the clinic. Attempts to improve PDT by introducing a
targeting component in the approach are discussed, namely antibody-targeted PDT (so-
called photoimmunotherapy or PIT) and NB-PDT. PIT is currently under evaluation in a
phase III clinical trial for the treatment of head and neck squamous cell carcinoma
(HNSCC), using a PS conjugated to cetuximab, a commercial monoclonal antibody
(mAb) targeting the epidermal growth factor receptor (EGFR). As a step forward in the
improvement of PDT, using a small targeting molecule, such as a NB, brings advantages.
In particular, a more rapid and homogeneous distribution throughout tumors, and rapid
renal clearance enabling faster start of the illumination after PS administration and
reducing the chances of photosensitivity after treatment. HNSCC and the presence of
EGFR in these cancers are also discussed in detail in this chapter, as a type of cancer
currently treated by PDT and PIT, and as the focus for the further development of NB-
PDT. Bearing in mind the clinical translation of NB-PDT, the importance of clinically
relevant models to be able to faithfully study the potential of anticancer therapies is also
highlighted.

One limiting aspect of PIT is the heterogeneous distribution of the mAb-PS
conjugate throughout the tumor, due to the large molecular size of the mAb (~ 150 kDa).
NBs are small (~ 15 kDa), but easily engineered to create multivalent constructs, e.g. to
increase avidity or half-life. Therefore, in Chapter 2, we explored the effect of molecular
size on the tumor penetration of NBs and mAbs. First, the tumor distribution of the
irrelevant NB R2 (16 kDa), the EGFR-targeting NBs 7D12 (16 kDa) and 7D12-R2 (32
kDa), and the EGFR-targeting mAb cetuximab (150 kDa) was investigated, using tumor
spheroids (150 — 200 pm) grown from EGFR-overexpressing A431 tumor cells. While
homogeneous distribution of 7D12 and 7D12-R2 throughout the spheroids was achieved
in 2 and 4 h, respectively, this was only observed for the mAb after 24 h. To study tumor
uptake and distribution of the different NBs in mice bearing A431 tumors, dual-isotope
single-photon emission computed tomography (SPECT) was employed for the first time
for NBs, allowing longitudinal and simultaneous detection of two NBs in a single animal.
The tumor uptake of 7D12 was 2.5-fold higher than 7D12-R2 when the NB pairs were
co-injected. Ex vivo autoradiographic analysis of tumors sections revealed that indeed
7D12 was more evenly distributed throughout the tumor, while the larger NB was
localized mainly at the tumor rim. This study revealed that increasing the size of the NB
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format, even just by 15 kDa, hinders their tumor penetration. In particular, it becomes
clear that monomeric NBs are a superior choice for molecular imaging and, most likely,
also for targeted PDT.

In Chapter 3, we indeed moved towards the field of targeted PDT and the use of
clinically relevant 3D models with translational potential: organoids grown from both
HNSCC patient material and corresponding adjacent normal tissue. First, the membrane
EGFR levels on the organoids were found to recapitulate the EGFR expression in the
primary tissue, a very important feature since common HNSCC cell lines tend to
misrepresent expression levels. The potency of EGFR-targeted PDT was then
investigated using NB-PS conjugates which have previously shown good in vitro and in
vivo results (i.e. 7D12-PS and the biparatopic 7D12-9G8-PS), and cetuximab-PS,
identical to the mAb-PS conjugate tested in the clinic. Although Chapter 2 discourages
the use of dimeric NBs in this context, 7D12-9G8-PS was taken along because of its
higher potency in vitro and comparable in vivo results to 7D12-PS. The organoid
technology allowed to explore the specificity of targeted PDT by comparing matched
tumor and normal organoids. EGFR levels were lower in the normal counterparts and
these were not affected by the treatment. In fact, the response to EGFR-targeted PDT
correlated with the EGFR levels on the organoids of the different donors. In general, NB-
PDT was more effective in inducing cell death than PIT, highlighting the superiority of
NBs for targeted PDT. Due to the small size of the organoids (< 70 pm), the tumor
distribution advantage of a monomeric over a larger NB was not apparent and the
biparatopic NB-PS conjugate showed higher potency, explained by higher binding
affinity, avidity, PS molecules per NB and internalization rate. Importantly, this study
presented HNSCC organoids as a more realistic representation of tumors than commonly
used cell lines.

The encouraging results of NB-PDT efficacy in HNSCC organoids prompted the
further development of NB-PDT towards the human clinic. In this direction, Chapter 4
explores the introduction of companion animals with spontaneous tumors in the current
drug development programs to aid therapy refinement and increase translational success
of anticancer targeted therapies. At the same time, these veterinary patients gain access
to novel, otherwise inaccessible, therapies. This chapter provides an overview of
targetable membrane proteins expressed in the most well-characterized canine and feline
models of solid cancer, which greatly resemble the counterpart human malignancies:
feline oral squamous cell carcinoma (OSCC), canine bladder cancer, canine and feline
mammary carcinoma, canine osteosarcoma and canine melanoma. Moreover,
considerations and challenges to implement the approach of comparative oncology in the
development of anticancer targeted therapies are also discussed. Amongst other targets
with great translational potential, EGFR was identified as a candidate to develop targeted
therapies against feline OSCC, which is considered a naturally occurring model of human
HNSCC and for which there is no curative option so far. EGFR was selected due to its
expression in this feline cancer type and the currently successful anti-EGFR strategies to
treat HNSCC.

Accordingly, efforts were put in the development of a NB-PS conjugate for the
treatment of cats with OSCC. The in vitro work preceding this step in the veterinary clinic
is presented in Chapter 5. Starting from NBs previously selected against human EGFR,
a NB was identified with the ability to bind both human and feline EGFR with comparable
affinity in the single digit nanomolar range. The EGFR-specific binding was confirmed
by using a panel of feline and human cell lines as well as feline OSCC tissue, and
comparing the detection of EGFR with a commercially available, species cross-reactive,
anti-EGFR mAb. The membrane EGFR levels on three feline OSCC cell lines were
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similar to human HeLa cells, which is comparable to the HNSCC organoids used in
Chapter 3. In order to induce potent cytotoxicity to cells with such clinically relevant
EGFR expression levels, a highly loaded NB-PS conjugate was developed (i.e. NiBh),
consisting of a monomeric NB as the ideal format described in Chapter 2. This conjugate,
despite the high PS payload, retained high affinity and remained specific for EGFR, as
evidenced by competitive binding with EGF. NiBh was successfully employed to induce
potent cell death to feline OSCC cell lines (LD50 in low nanomolar range). This
cytotoxicity was found to be mediated by the binding of NiBh to EGFR and by the
production of singlet oxygen. To resemble the EGFR expression pattern found in feline
tumor tissue, which is confined to neoplastic nests and absent in surrounding stroma,
feline OSCC cells were co-cultured with low EGFR-expressing MCF7 cells and subjected
to PDT using NiBh. This revealed the high specificity of the PDT approach, since feline
cancer cells were killed whereas adjacent low EGFR-expressing cells were unharmed.
NiBh is thus presented as a highly loaded, EGFR-targeting, species cross-reactive NB-PS
conjugate, suitable for NB-PDT in a selective manner. The encouraging results of this
study support the idea to further develop NiBh for the treatment of cats with OSCC.

One very interesting and appealing feature of PDT is its ability to trigger antitumor
immune responses. These are not drivers of the initial tumor destruction, but essential for
creating a systemic response to fight metastasis and for developing an immune memory
to prevent recurrences. Although promising, this antitumor mechanism of PDT is not fully
elucidated yet and not always successfully triggered, partly dependent on the original
tumor immunogenicity and its immunosuppressive environment. Therefore, further
understanding of these immunological responses would make it possible to exploit these
responses for stronger and longer effects in the clinic. Chapter 6 reviews the preclinical
and clinical evidence regarding this aspect of PDT. In general, an initial local
inflammation is always triggered, which may further develop into an adaptive immune
response when immunogenic cell death (ICD) has been induced. ICD involves the
redistribution and release from dying tumor cells of damage-associated molecular
patterns (DAMPs), which are recognized by infiltrating immune cells which subsequently
can stimulate and restore antitumor responses. In this context, the combination of PDT
with immunomodulatory agents can maximize the therapeutic effect of PDT. For
instance, the combination of PDT with vaccine adjuvants or with immune checkpoint
inhibitors has been shown to synergize the PDT effect in the preclinical setting. Overall,
at present, the evidence of PDT-induced immunological responses in the clinic is
unfortunately very scarce. Accordingly, recommendations are given to guide future
clinical research and ensure that the immunological potential of PDT is explored in its
full, focusing on noninvasive monitoring of the most determinant immune events
observed in animals.

It is evident that triggering immune responses would greatly add to the PDT
treatment efficacy. For this reason, Chapter 7 focuses on the assessment of the possible
immune stimulation induced by NB-PDT in vitro. The NB-PS conjugate 7D12-PS was
employed in this study to induce the killing of high (A431) and moderate (scc-U8) EGFR-
expressing cells, to resemble to some extent the in vivo tumor heterogeneity of target
expression. Conventional PDT is known to predominantly induce apoptosis, due to
intracellular localization of the PS and organelle damage. Nevertheless, NB-PDT was
shown to mainly induce necrosis on both cell lines. This is explained by the slow
internalization of 7D12-PS once bound to EGFR, being mostly present on the cell
membrane when light is applied and thereby inducing damage to this cellular structure.
Several indicators of ICD were detected after NB-PDT on both cell lines: changes in the
cellular localization of HSP70 and HMGBI, and release of HSP70, ATP and pro-
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inflammatory cytokines IL-6 and IL-1p, being the effects always more pronounced on the
high EGFR-expressing cells. The conditioned medium of the treated high expressing
tumor cells was able to induce maturation of human monocyte-derived dendritic cells, as
indicated by the surface upregulation of CD86 and MHC II and the increased release of
IL-12 and IL-1P. These mature dendritic cells were able to activate allogeneic CD4+ T
cells upon cross-linking, inducing T cell proliferation and IFNy release. Altogether, these
are the initial steps suggesting immune stimulation triggered by NB-PDT, potentially
giving a systemic reach to an initial local treatment. Further characterization of this
immunological aspect in in vivo models is warranted.

Taken together, this thesis highlights the value of NBs over mAbs to achieve fast
and homogenous distribution throughout tumors, presents the potency of NB-PDT in a
clinically relevant model consisting of HNSCC organoids, and describes the in vitro steps
towards the application of NB-PDT to treat cats with OSCC. Furthermore, the first signs
of immune stimulation triggered by NB-PDT are presented, suggesting the induction of
an antitumor mechanism with great clinical implications.

Discussion and perspectives

General considerations on PDT application

The main cause of treatment failure for two traditional anticancer therapies (chemo- and
radiotherapy) is resistance. Radioresistant tumors are usually large and/or hypoxic
tumors, commonly with upregulated DNA repair pathways. On the other hand, altered
drug efflux or uptake are associated with chemoresistance [1]. Likewise, the long-term
effect of targeted therapies and immune checkpoint inhibitors is hindered by the
development of resistance, generally in the form of specific gene mutations driving
amplification of the target or related genes to sustain oncogenicity [2]. With regard to
PDT, the development of resistance after multiple PDT cycles (~ 10) in vitro has been
reported as well, but the presence of this PDT-resistance phenotype in recurring cancers
in the clinic remains to be confirmed, since clinical PDT is usually not preformed more
than 2 or 3 times [1,3]. Of note, especially the structure of the PS and its subcellular
location are deemed critical in the development of resistance to PDT. As such, over half
of the cell lines which have developed resistance to PDT with a particular PS, remain
sensitive to a different PS [1]. Only one third of the chemo- and radioresistant cell lines
are cross-resistant to PDT, supporting the development of combination strategies [1]. This
explains why PDT, in some cases, becomes a curative option for patients who have not
responded to chemotherapy and radiation therapy [4].

The strength of PDT relies on its tumor-selectivity in a controllable manner, by
locally applying light to activate the PS in the tumor tissue. Moreover, targeted PDT adds
another level of specificity to the approach, further improving the safety profile over other
treatments. The minimally invasive character of PDT and its remarkable safety profile
allow for its repeated application upon tumor persistence or recurrence without
cumulative toxicity, contrary to radiotherapy regimens [5]. In addition, PDT does not
compromise the future treatment options for residual or recurrent disease, and the
possibility of re-treatment with surgery or radiation therapy remains. In general, tumor
recurrence after PDT is associated with the intrinsic limitations of this therapy, such as
poor light penetration or presence of bulky, aggressive or hypoxic tumors, but not to
treatment resistance. Accordingly, repeated PDT treatment is indicated, when necessary,
and results in positive clinical outcomes. To exemplify this, PDT is considered a
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comparable modality to the three mainstream strategies in the management of early stage
HNSCC, but with far less associated morbidity, even after 2-3 treatment rounds [6].

Despite the unique features that differentiate PDT from standard therapies, PDT
is still not routinely applied in the clinic due to a number of limitations. Newer PSs tend
to utilize near-infrared light which offers the maximum tissue penetration capacity, but
this is still limited (< 1 cm) [7]. To surpass this, efforts are put into improving light
delivery by combining optic fibers, light diffusers, endoscopes and/or catheters for
interstitial and intraoperative PDT of multiple organs, such as pancreas, prostate and brain
[8]. Also tumor hypoxia limits the therapeutic effect and, consequently, researches are
focusing on the development of oxygen-independent PSs and tumor oxygenation
approaches [9]. Furthermore, complex light and oxygen dosimetry still remains a
challenge for any PDT approach.

Advantages and limitations of NB-PDT

The first reports of targeted PDT using mAbs date back to the early 1980’s, but PIT as
we currently know it was first described by the group of Kobayashi in 2011 [10]. Less
than one decade later, PIT has now reached phase III in an ongoing clinical trial for the
treatment of recurrent HNSCC in patients who have failed at least two lines of therapy
(NCT03769506). In phase II, overall response rate was 50%, an improvement over
mainstream therapies in this highly pre-treated population [11]. As a further improved
version of PIT, NB-PDT was first described in 2014 by the group of Oliveira [12]. The
potency of NB-PDT and PIT has been compared side by side in an HNSCC organoid
model (Chapter 3) and in an orthotopic mouse model of HNSCC [13], resulting in the
superiority of NB-PDT in both cases. The small size and rapid renal clearance of the NB-
PS conjugates are the basis of the main advantage of this therapy over its counterpart
utilizing mAbs, allowing for rapid illumination after PS administration, more
homogeneous distribution through the tumor tissue and minimal skin photosensitivity
post-treatment.

One the other hand, the small size of NBs supposes, at the same time, a limitation
in terms of the amount of payload that can be delivered per single NB molecule. While
the mAbs employed for PIT can easily carry an average of 3 PS molecules per mAb,
monomeric NBs are mostly limited to one PS molecule. Dimeric or larger NB-based
constructs enable the incorporation of more PS molecules by means of, for instance,
conjugation directed to the primary amines present at the N-terminus and lysine residues.
However, as shown in Chapter 2 and supported by literature [14,15], the increase in size
of different NB formats (e.g. biparatopic and bispecific NBs) affects their distribution
through tumors. Interestingly, this aspect does not seem to negatively impact the potency
of NB-PDT in the evaluated in vivo models so far [13,16], although the use of monomeric
NB-PS conjugates does result in a more consistent extent of tumor damage. In Chapter 5
of this thesis, we describe a monomeric NB-PS conjugate with high PS load, i.e. average
of 2.5 PS molecules per NB, to increase the induced cytotoxicity while retaining high
binding affinity. Nevertheless, the application to other NBs of this type of PS conjugation
remains to be explored. It is clear that conjugates with high payload lead to larger degree
of cytotoxicity in vitro, but the relevance of this in the in vivo setting still needs to be
elucidated, where damage to tumor vasculature and stimulation of immune responses also
play a role. Moreover, a high PS load can affect the distribution and tumor uptake of the
conjugate [17], all aspects that are being explored in ongoing mice studies.

An interesting feature of membrane-targeted PDT is that resistance mechanisms
such as altered drug uptake/efflux and activating mutations in signaling pathways, which
suppose a hurdle for chemotherapy and targeted therapies, would not hinder the effects
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of NB-PDT. In particular, EGFR-targeted PDT seems to rely more on the mere presence
of the target, as evidenced by the correlation of membrane EGFR levels and PDT
sensitivity described in Chapter 3. For EGFR-targeted PDT, EGFR is probably a
predictive biomarker of response, while this is not the case for other EGFR inhibitory
therapies whose effectivity is subjected to downstream alterations (e.g. cetuximab which
blocks receptor signaling) [18]. Hence, patient classification by EGFR expression in
tumor tissue can likely guide the successful application of targeted PDT. Of note, one
feature that could affect the efficacy of targeted PDT is the intratumoral heterogeneous
expression of the utilized membrane target, or the adaptive downregulation of such. At
this point is when the three distinct, but interdependent antitumor mechanisms of PDT
become of great importance: the vasculature damage and triggered immune responses are
likely to induce the killing of the remaining tumor cells which were not affected by the
initial ROS-mediated cytotoxicity. To circumvent this heterogeneity or low target
expression, combined targeting of tumor and endothelial cells has been proposed for NB-
PDT [19], which could likely be expanded to other combinations.

One should not forget that NB-PDT does not overcome all the limitations of
conventional PDT, and especially those related to the technology itself still remain.
Moreover, NB-PDT faces one additional challenge, and this is that the trust on these small
biologicals is only now boosting after the first clinical approval of a NB in 2018 [20].
About a dozen NBs are being evaluated in clinical trials, e.g. as tumor imaging agents
(NCTO02683083) and as part of engineered anti-tumor T cells (NCT04489862), and
encouraging results will definitely aid the further development of NB-PDT at a faster
pace.

Potentiating NB-PDT with immune modulation

The extensive evidence supporting the induction of strong antitumor immune responses
by PDT is presented in Chapter 6 of this thesis. Likewise, PIT (i.e. antibody-targeted
PDT) is also able to trigger antitumor responses in mouse models [21], despite presenting
a distinct mechanism to induce immunogenic cell death (ICD) than conventional PDT
(i.e. necrosis vs apoptosis) [22]. The initial characterization of these immunological
events triggered by NB-PDT is described in Chapter 7, where a similar cell death
mechanism to PIT is indicated, suggesting the potential of NB-PDT to stimulate the
immune system in a similar manner. Although in vitro data are encouraging, it is clear
that further study in in vivo models is required to fully elucidate this aspect of NB-PDT.
In fact, these in vivo experiments are ongoing in order to characterize both the systemic
reach and the immune memory triggered by NB-PDT.

If the involvement of the immune system in treatment outcome is confirmed for
NB-PDT, the next logical step would be to potentiate the treatment by combination with
immune modulatory strategies, such as agents to boost the immune system and/or to
reverse the immunosuppressive environment. These multimodal approaches are indeed
already under clinical evaluation with chemo- and radiotherapy, both capable of acting as
ICD inducers [23]. In the context of PDT, only a small number of studies addresses these
combinational approaches in the clinic. For HNSCC patients, based on the PDT-induced
changes in immune cell populations, the combination of PDT with antibodies to enhance
NK cell activation or to release inhibition mediated by T regulatory cells has been
proposed [24]. Of great promise is the sequential application of PDT and imiquimod, a
toll-like receptor agonist which stimulates immune responses, resulting in significantly
better clinical and histologic response in patients with actinic keratosis [25], basal cell
carcinoma [26] and vulvar intraepithelial neoplasia [27]. Therefore, investigating the use
of NB-PDT together with imiquimod, first in mouse models, could lead to a successful
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treatment approach. Moreover, the immunity following different targeted PDT
approaches has been successfully enhanced with PD1 checkpoint blockade in mice
studies [21,28]. The combination of EGFR-targeted PIT and anti-PD1 therapy is currently
being evaluated in patients with advanced HNSCC or cutaneous SCC (NCT04305795).
The results of ongoing clinical trials will definitely contribute to the direction that NB-
PDT will take. Lastly, special attention should be paid to the illumination protocol since
this can impact the development of the PDT-induced antitumor response. In the clinic,
the treatment of small surface areas with moderate to high fluences and low fluence rates
is considered ideal to boost the associated immune response [29]. These are the PDT
regimens that would benefit the most from combinations with immunomodulatory agents.

NB-PDT towards the veterinary clinic

In Chapter 5, an EGFR-targeting NB-PS conjugate with high PS load was developed
with the aim to treat cats with OSCC, an excellent model of human HNSCC. We are
currently evaluating the in vivo distribution and specific tumor accumulation of this
unique highly loaded conjugate in mice studies. At the same time, efforts are being put
into the large-scale production of this conjugate as a veterinary product (e.g. sterilization
by filtration, endotoxin quantification and product stability) and arrangements being done
to advance NB-PDT to the veterinary clinic. Introducing companion animals with
spontaneous cancers in the development of anticancer therapies has proven of value
before, as exemplified by the successful story of toceranib phosphate [30]. This was the
first drug approved for anticancer targeted therapy in dogs, and the canine studies
provided the first evidence for the use of an oral kinase inhibitor as cancer treatment. Its
structural analogue, sunitinib, is currently approved as a treatment for several human
cancers. This evidences the successful implementation of comparative oncology in the
field of targeted therapy to benefit both human and veterinary patients, and we envision
a similar scenario for NB-PDT.

Conventional PDT has already been applied in cats with facial SCC with high
initial complete response rates (85%), but long-term control was achieved only in half of
these cases [31]. PDT has proven safe and effective especially for early stage SCCs in
cats, while toxicity is encountered when treating large tumors [32]. We believe NB-PDT
distinguishes itself from the previous efforts and can yield better outcomes for these
veterinary patients with otherwise poor therapeutic options. Moreover, the species cross-
reactivity of the developed conjugate facilitates further translation of the approach
towards the human clinic. The results of this first application of NB-PDT in the veterinary
clinic will guide the direction this therapy will take, likely towards the treatment of human
cancers currently treated with PDT with relative success, such as HNSCC and basal cell
carcinoma.

Conclusion

The work presented in this thesis forms the basis for the further development of NB-PDT
towards the clinic. We have described the application of EGFR-targeted NB-PDT in a
clinically relevant model of HNSCC, i.e. patient-derived HNSCC organoids, and
presented the efforts to bring NB-PDT to the veterinary clinic to treat cats with OSCC.
We also explored the first steps of immune modulation triggered by NB-PDT. It is
expected that the ongoing mice studies to explore the implication of the triggered immune
responses in the therapeutic outcome of NB-PDT, and the evaluation of NB-PDT in the
veterinary clinic, will lead to therapy refinement and enable to exploit the potential of
NB-PDT in its full in the clinical setting.
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Appendices

Nederlandse samenvatting

Mainstream therapeutische behandelingen tegen kanker gaan vaak gepaard met
bijwerkingen en hebben een aanzienlijke impact op de kwaliteit van leven van patiénten.
Er zijn inspanningen geleverd in de richting van nieuwe tumorselectieve behandelingen,
met het idee om schade aan gezonde weefsels te minimaliseren. In dit proefschrift richten
we ons op een aanpak die in de afgelopen 7 jaar is ontwikkeld: nanobody gebaseerde
fotodynamische therapie (NB-PDT). Deze gerichte aanpak maakt gebruik van nanobodies
(NBs), de kleinste natuurlijk voorkomende antigeen bindende domeinen. De NBs zorgen
voor de selectieve aflevering van een fotosensibilisator (PS) aan de tumorcellen, een
molecuul dat bij lokale activering door licht leidt tot de vorming van reactieve
zuurstofverbindingen en de daaruit voortvloeiende celdood. NB-PDT heeft tot nu toe
aangetoond veelbelovend te zijn in vitro en in orthotopische muis modellen gebruik
makend van verschillende moleculaire targets. Dit proefschrift richt zich op de volgende
stap, namelijk NB-PDT een stap dichter bij de kliniek te brengen.

In Hoofdstuk 1 wordt fotodynamische therapie (PDT) gepresenteerd als een
tumorselectieve en minimaal invasieve strategie, die echter nauwelijks gebruikt wordt in
de kliniek. Pogingen om PDT te verbeteren door de invoering van een targeting
component worden besproken, namelijk antilichaam gebaseerde PDT (de zogenaamde
foto-immuuntherapie of PIT) en NB-PDT. PIT wordt momenteel ge€valueerd in een fase
I klinische studie voor de behandeling van hoofd-hals plaveiselcelcarcinoom (HNSCC),
met behulp van een water oplosbare PS geconjugeerd aan cetuximab, een commercieel
monoklonaal antilichaam (mAb) gericht op de epidermale groeifactor receptor (EGFR).
Gebruikmaken van een klein targeting molecuul zoals een NB levert voordelen op, en
kan leiden tot een stap voorwaarts in de verbetering van PDT. Die voordelen houden in
dat er een snellere en homogenere verdeling over tumorweefsel is waardoor een snellere
start van de lichttoepassing na toediening van de PS mogelijk is, en een snelle nierklaring
waardoor de kans op lichtgevoeligheid na de behandeling verminderd wordt. HNSCC en
de aanwezigheid van EGFR in deze vorm van kanker worden ook besproken in dit
hoofdstuk, als focus voor de verdere ontwikkeling van NB-PDT.

Een beperkend aspect van PIT is de heterogene verdeling van het mAb-PS
conjugaat in de tumor vanwege het grote moleculaire gewicht van de mAb (~ 150 kDa).
NBs zijn daarentegen klein (~ 15 kDa), en ook makkelijk te ontwerpen als multivalente
constructen. Daarom onderzochten we in Hoofdstuk 2 het effect van moleculair gewicht
van verschillende EGFR-targeting NBs op de tumorpenetratie, vergeleken met een mAb,
met behulp van tumorsferoiden en tumordragende muizen. Dual-isotoop
computertomografie met behulp van emissie van enkelvoudige fotonen (SPECT) werd
voor de eerste keer gebruikt voor NBs, waardoor longitudinale en gelijktijdige detectie
van twee NBs in een enkel dier mogelijk was. Deze studie toonde aan dat het verhogen
van de grootte van het NB-formaat, zelfs met slechts 15 kDa, de tumorpenetratie en
distributie belemmert. Het wordt in het bijzonder duidelijk dat NBs in hun monomere
vorm een superieure keuze zijn voor moleculaire imaging en, waarschijnlijk, ook voor
gerichte PDT.

In Hoofdstuk 3 zijn we in de richting gegaan van het gebied van gerichte PDT en
het gebruik van klinisch relevante 3D-modellen met translationeel potentieel: organoiden
gekweekt uit zowel HNSCC-patiéntmateriaal als overeenkomstig normaal weefsel. Ten
eerste bleek de EGFR-expressie van de organoiden overeen te komen met het primaire
weefsel, een zeer belangrijk kenmerk omdat veel gebruikte HNSCC-cellijnen vaak
afwijkende expressieniveaus hebben. De potentie van EGFR-gerichte PDT werd
vervolgens onderzocht met behulp van verschillende NB-PS constructen en cetuximab-
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PS. De organoide technologie staat toe om de specificiteit van gerichte PDT te verkennen
door het vergelijken van overeenkomende tumoren en normale organoiden. De EGFR
expressie was immers lager in de normale organoiden, en deze werden dan ook niet
beinvloed door de behandeling. In het algemeen was NB-PDT effectiever in het induceren
van celdood dan PIT, hetgeen de superioriteit van NBs voor gerichte PDT aantoont.
Belangrijk is dat deze studie HNSCC-organoiden presenteerde als een realistischere
weergave van tumoren dan veelgebruikte cellijnen.

De bemoedigende resultaten van NB-PDT werkzaamheid in HNSCC organoiden
leidde tot de verdere ontwikkeling van NB-PDT naar de humane kliniek. Derhalve
onderzoekt Hoofdstuk 4 de introductie van gezelschapsdieren met spontane tumoren in
de huidige programma's voor geneesmiddelenontwikkeling om therapieverfijning te
ondersteunen en het translationele succes van gerichte therapieén tegen kanker te
vergroten. Tegelijkertijd krijgen deze veterinaire patiénten toegang tot nieuwe, anders
ontoegankelijke therapieén. Dit hoofdstuk geeft een overzicht van zogenaamde targetbare
membraaneiwitten die geéxpresseerd zijn in de beste gekarakteriseerde hond- en
katachtige solide tumor modellen, die sterk lijken op de verwante menselijke
maligniteiten. EGFR werd geidentificeerd als een kandidaat target voor de ontwikkeling
van gerichte therapie€n tegen kat OSCC, dat wordt beschouwd als een natuurlijk
voorkomend model van de menselijke HNSCC en waarvoor tot nu toe geen curatieve
behandeling is. Daarom werden inspanningen geleverd in de ontwikkeling van een NB-
PS conjugaat voor de behandeling van katten met OSCC. Het in vitro werk dat aan deze
stap in de dierenkliniek voorafgaat, wordt gepresenteerd in Hoofdstuk 5. Een NB werd
geidentificeerd met het vermogen om aan zowel menselijk als katachtig EGFR te binden
met vergelijkbare affiniteit. Om krachtige cytotoxiciteit te induceren in cellen met
klinisch relevante EGFR-expressieniveaus, werd een zeer cytotoxisch NB-PS-conjugaat
ontwikkeld (d.w.z. NiBh) bestaande uit een monomeer NB, het ideale formaat zoals in
hoofdstuk 2 beschreven. NiBh werd met succes gebruikt om krachtige celdood van kat
OSCC cellijnen met hoge specificiteit te veroorzaken, aangezien de aangrenzende cellen
met lage EGFR expressieniveaus ongedeerd bleven. De bemoedigende resultaten van
deze studie ondersteunen het idee om NiBh verder te ontwikkelen voor de behandeling
van katten met OSCC.

Een klinisch relevant kenmerk van PDT is het vermogen om antitumor
immuunreacties te activeren, die essentieel zijn voor het cre€ren van een systemische
reactie om metastase te bestrijden en recidieven te voorkomen. Hoe veelbelovend dit ook
is, desalniettemin is het antitumor mechanisme van PDT is nog niet volledig opgehelderd
en wordt het niet altijd met succes geactiveerd. Hoofdstuk 6 bespreekt het preklinische
en klinische bewijs met betrekking tot dit aspect van PDT. In het algemeen wordt altijd
eerst een lokale ontsteking geactiveerd, die zich verder kan ontwikkelen tot een adaptieve
immuunrespons wanneer immunogene celdood (ICD) is geinduceerd. ICD omvat de
herverdeling van stervende tumorcellen en het vrijkomen van schade-geassocieerde
moleculaire patronen (DAMPs) hieruit, die worden herkend door infiltrerende
immuuncellen die vervolgens antitumorreacties kunnen activeren en herstellen. Het is dus
duidelijk dat het activeren van immuunreacties sterk kan bijdragen aan de werkzaamheid
van PDT. Daarom richt Hoofdstuk 7 zich op de beoordeling van de mogelijke
immuunstimulatie veroorzaakt door NB-PDT in vitro. Verschillende indicatoren van ICD
werden gedetecteerd na NB-PDT op tumorcellen. Die indicatoren geven aan dat de NB-
PDT in staat is om rijping van dendritische cellen en de daaropvolgende T-cel activering
te induceren. Dit zijn de eerste stappen die wijzen op immuunstimulatie veroorzaakt door
NB-PDT, die vervolgens kunnen resulteren in een mogelijk systemisch effect na een
eerste lokale behandeling.
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Alles tezamen, benadrukt dit proefschrift de waarde van NBs ten opzichte van
mAbs om een snelle en homogene verdeling over tumoren te bereiken, presenteert het de
potentie van NB-PDT in een klinisch relevant model bestaande uit HNSCC-organoiden,
en beschrijft het de in vitro stappen naar de toepassing van NB-PDT om katten met OSCC
te behandelen. Bovendien worden de eerste aanwijzingen van immuunstimulatie door
NB-PDT beschreven, wat wijst op de inductie van een antitumormechanisme met grote
klinische implicaties.
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