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Abstract

Cancer is nhowadays the second leading cause of death and current therapeutic
approaches still reveal ineffective in several cases. Therefore, there is a need to develop
more efficacious therapeutic agents, especially for subtypes of cancer where targeted
therapies are still missing, and, as such, unmet medical needs are evident.

Limited drug penetration into tumors limits the efficacy of therapies targeting
cancer cells. One of the strategies to overcome this problem is upon targeting the more
accessible tumor vasculature. In this context, nucleolin arises as a target of extreme
relevance, as it is expressed at the surface of cancer and angiogenic endothelial cells
thus enabling a dual cellular targeting strategy.

Antibodies have been extensively studied and some have been approved for the
treatment of different types of tumors. Antibodies act by several mechanisms, from direct
cell death to immune-mediated mechanisms (through the Fc region of the antibody). The
latter include antibody-dependent cell-mediated cytotoxicity (ADCC), which plays a
central role in the clinical efficacy of some antibodies. However, the high molecular
weight of these proteins (=150 kDa) limits effective penetration in solid tumors.
Therefore, smaller units for antigen recognition have been developed. Nanobodies or
VHHSs are the variable domains of the heavy chains from camelid antibodies that lack
light chains, presenting small size (=15 kDa), high affinity to their antigens and reduced
immunogenicity in humans. In addition, they are also versatile platforms for the
development of different antibody formats.

The main aim of this project was to develop and characterize new nanobody-based
antibody formats against nucleolin. These consisted of (i) nanobodies generated by a
grafting strategy using a nucleolin-binding sequence and (ii) an anti-nucleolin nanobody-

Fc antibody, aiming at exploring immune mechanisms, namely ADCC. In addition, this



work aimed also at exploring the use of nanobodies as bispecific proteins, where
nucleolin and tumor necrosis factor alpha (TNF-a) were selected as models of target
proteins.

An anti-TNF-a VHH was used as a scaffold for grafting F3 peptide-derived
nucleolin-binding sequences onto either complementarity determining region 1 (CDR1)
or 3 (CDR3), the two most relevant antigen-binding regions. The grafted sequences
consisted on a 10-amino acid sequence, with or without flanking linkers at each end,
aiming at improving CDR flexibility. The generated nanobodies revealed binding to both
purified nucleolin and cancer and endothelial cells, as well as to the original target, TNF-
a. These nanobodies presented cytotoxic effects in the micromolar range against these
cells. Grafting of the F3 peptide-derived sequence onto CDR3 enabled improved binding
and cytotoxicity relative to grafting of the same sequence onto CDR1. However, the
presence of flanking linkers in the grafted sequence did not alter the binding and
cytotoxicity patterns.

These results led to the selection of the nanobody presenting the F3 peptide-
derived sequence (without linkers) in CDRS3 to generate a nanobody-Fc, upon fusion to
the Fc region of a human IgG1. This anti-nucleolin nanobody-Fc antibody presented
increased cytotoxic effects (in the nanomolar range) and also capacity of triggering a
nucleolin-mediated ADCC effect against a cancer cell line.

In conclusion, in this work, new nucleolin-targeting entities with cytotoxic activity
against cancer and endothelial cells were developed. In addition, the nanobodies
presented bispecific properties, as evidenced by their binding to two different antigens.
Notably, the nanobody-Fc antibody presented nucleolin-mediated ADCC capacity, which
had not been described for this target yet. Therefore, the antibodies here described might

contribute for the development of novel therapies targeting nucleolin.

Keywords: cancer, nucleolin, antibodies, nanobody, nanobody-Fc, antibody-

dependent cell-mediated cytotoxicity



Resumo

O cancro é atualmente a segunda principal causa de morte e as abordagens
terapéuticas atuais ainda se revelam ineficazes em muitos casos. Assim, ha
necessidade de desenvolver agentes terapéuticos mais eficazes, principalmente para
subtipos de cancro para 0s quais nao existem terapias direcionadas e para 0s quais sdo
evidentes as necessidades médicas ndo satisfeitas.

A limitada penetragdo de farmacos nos tumores compromete a eficacia das
terapias direcionadas para as células cancerigenas. Uma das estratégias para
ultrapassar este problema é o direcionamento da terapia para a vasculatura tumoral,
gue se encontra mais acessivel. Neste contexto, a nucleolina surge como um alvo de
extrema relevancia, uma vez que é expressa a superficie de células cancerigenas e
células endoteliais angiogénicas, permitindo uma estratégia de direcionamento
multicelular.

Os anticorpos tém sido extensivamente estudados e alguns foram aprovados para
o tratamento de diferentes tipos de tumores. Os anticorpos atuam através de diversos
mecanismos, desde morte celular direta a mecanismos imunitarios (através da regido
Fc do anticorpo). Nestes Ultimos, inclui-se a citotoxicidade celular dependente de
anticorpos (ADCC), que desempenha um papel central na eficacia clinica de alguns
destes agentes terapéuticos. No entanto, o elevado peso molecular destas proteinas
(=150 kDa) limita a penetragao eficaz em tumores sélidos. Consequentemente, foram
desenvolvidas unidades mais pequenas de reconhecimento de antigénio. Os
nanobodies ou VHH séo os dominios varidveis das cadeias pesadas dos anticorpos de
camelideos sem cadeias leves, apresentando tamanho reduzido (=15 kDa), elevada

afinidade para os seus antigénios e imunogenicidade reduzida em humanos. Além



disso, os nanobodies sdo também plataformas verséateis para o desenvolvimento de
diferentes formatos de anticorpos.

O principal objetivo deste projeto foi o desenvolvimento e caracterizacao de novos
formatos de anticorpos baseados em nanobodies contra a nucleolina. Estes formatos
consistiram em (i) nanobodies obtidos por uma estratégia de insercdo de um peptideo
de 10 de aminoécidos, derivado de um outro (designado por F3) com demonstrada
ligacdo a nucleolina na superficie de células cancerigenas e (ii) um anticorpo nanobody-
Fc anti-nucleolina, com o objetivo de explorar mecanismos imunitarios, nomeadamente
ADCC. Além disso, este trabalho teve também o objetivo de explorar o uso de
nanobodies como proteinas bi-especificas, tendo a nucleolina e o fator de necrose
tumoral alfa (TNF-a) sido selecionados como modelos de proteinas alvo.

Um nanobody anti-TNF-a foi usado como base para inser¢cdo de sequéncias
derivadas do péptido F3 na regido determinante de complementaridade 1 (CDR1) ou 3
(CDR3), as duas regibes mais importantes na ligagdo ao antigénio. As sequéncias
inseridas consistiram na referida sequéncia de 10 aminoacidos, com ou sem linkers em
cada extremidade, 0os quais visavam aumentar a flexibilidade da CDR. Os nanobodies
gerados apresentaram ligacdo a nucleolina purificada e a células cancerigenas e
endoteliais, assim como ao alvo original, TNF-a. Estes nanobodies apresentaram efeitos
citotoxicos na ordem dos micromolar contra células cancerigenas e endoteliais. A
insercdo da sequéncia derivada do péptido F3 em CDR3, resultou em ligacdo e
citotoxicidade superiores as observadas com a insercao da mesma sequéncia em
CDRL1. Contudo, a presenca de linkers nas extremidades da sequéncia inserida ndo
alterou os padrdes de ligacao e citotoxicidade.

Estes resultados levaram a selecdo do nanobody com a sequéncia derivada do
péptido F3 no CDR3 (sem linkers) para gerar um nanobody-Fc, apos fusdo a uma regiao
Fc de uma IgG1l humana. Este anticorpo nanobody-Fc anti-nucleolina apresentou

efeitos citétoxicos mais pronunciados (na ordem dos nanomolar) e também a



capacidade de promover um efeito de ADCC mediado por nucleolina, contra uma linha
celular de cancro.

Em concluséo, neste trabalho foram desenvolvidas entidades direcionadas para a
nucleolina com atividade citotdxica contra células cancerigenas e endoteliais. Além
disso, 0s hanobodies apresentaram propriedades bi-especificas, como evidenciado pela
sua ligacdo a dois antigénios diferentes. De notar que o anticorpo nanobody-Fc
apresentou capacidade de ADCC mediada por nucleolina, um efeito que ainda néo tinha
sido descrito para este alvo. Desta forma, os anticorpos apresentados neste trabalho
poderdo contribuir para o desenvolvimento de novas terapias direcionadas para a

nucleolina expressa em tumores.

Palavras chave: cancro, nucleolina, anticorpos, nanobody, nanobody-Fc,

citotoxicidade celular dependente de anticorpos.
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Chapter 1

1.1 CANCER

Cancer is nowadays the second leading cause of death, only slightly surpassed by
heart diseases. Estimates relative to 2012 indicate around 14.1 million new cases
worldwide and 8.2 million deaths!. For several years, therapeutic approaches for the
treatment of cancer consisted on surgery, chemotherapy and radiotherapy, but these are
not always effective. In addition, chemotherapy and radiotherapy present severe side
effects, as they affect not only cancer cells, but also normal tissues. The need for more
efficacious therapies and able to surpass this drawback, led to the development of
targeted strategies against markers overexpressed in tumors. One example of this kind
of therapy is trastuzumab, an anti-human epidermal growth receptor 2 (HER2) antibody,
which led to improvements in the long-term outcomes of HER2-overexpressing breast
cancer patients?. However, the existence of subtypes of cancer that do not overexpress
any of the common markers, strongly limits the development of targeted therapies. This
is the case of triple-negative breast cancer, which lacks expression of estrogen receptor
(ER), progesterone receptor (PR) and HER234. Therefore, it becomes important to
identify novel therapeutic targets within these subtypes of cancer, where there are

recognized unmet medical needs.

1.2 TUMOR MICROENVIRONMENT AND THERAPY

General understanding of tumor development and biology suffered a major shift
with the finding that there is a crucial interplay between cancer cells and the surrounding
cells and extracellular matrix. Previously regarded as homogenous masses of cancer
cells, tumors are nowadays known to be much more complex entities, being supported

by an intricate network of other cells and components, the tumor microenvironment, as



General Introduction

endothelial cells, pericytes, fibroblasts and infiltrating immune cells, as well as the
associated extracellular matrix, cytokines and chemokines. The continuous cross-talk
between cancer cells and the tumor microenvironment favors tumor development,

enhancing its proliferation and metastization, as summarized in Figure 1.1,
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Figure 1.1. The role of microenvironment in tumor development and progression. Tumor-
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associated immune cells, fibroblasts and endothelial cells play a role in each of the main hallmarks
of cancer (indicated by the arrows), enabling its continuous growth and further metastization.
Notwithstanding tumors present a variety of properties and characteristics, these eight factors
appear as common traits. The role of the stromal cells in these traits, highlights the potential of

therapies targeted to the tumor microenvironment (Adapted from ref. 6).



Chapter 1

1.2.1 Tumor vasculature

The development of a vasculature to support the tumor has been described as one
of the hallmarks of cancer, as it supplies the needed nutrients and oxygen, as well as
the elimination of metabolic wastes and carbon dioxide®.

In their early development, tumors lack blood vessels to adequately provide
oxygen to the tumor, which leads to hypoxia. This results in upregulation and secretion
of pro-angiogenic molecules by cancer cells, such as vascular endothelial growth factor
(VEGF), resulting in the formation of new blood vessels. However, this vasculature is
architecturally different from normal blood vessels. Normal vasculature presents an
organized structure, with well-defined arterioles, capillaries and venules and regular
branching. On the contrary, tumor blood vessels lack a normal basement membrane and
are irregularly shaped and dilated, with unorganized branching and leakiness. This
results in fluid extravasation into the tumor interstitium and consequent increase of tumor
interstitial pressure.

In addition, associated endothelial cells present higher proliferation rates. Actively
proliferating cancer cells around the vasculature exert mechanical stress on the vessels,
further contributing to the chaotic structure of the vasculature as well as to the increased
tumor interstitial pressure. This combination of factors contributing to irregular blood flow,
with focal leaks and unevenly distributed, further promotes a hypoxic environment. In
addition, existing fenestrations in the tumor blood vessels, play an important role in the

invasion and metastization processes®*L.

1.2.2 Tumor vasculature as a therapeutic target

The tumor microenvironment is now considered an important target for cancer

therapy. On one hand, as stromal cells do not present the same proliferative potential as
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cancer cells, they are less likely to evolve and become resistant to therapy®!2. On the
other hand, the increased tumor interstitial pressure, to which the tumor
microenvironment contributes, renders drug transport and accumulation in the tumor
more difficult. Therefore, anti-angiogenic therapies have been a focus of research and
some inhibitors of angiogenesis are currently used, including the anti-VEGF antibody
bevacizumab, used as monotherapy (in multiform glioblastoma) or in combination with
chemotherapy or cytokine therapy (in colorectal cancer, metastatic breast cancer, non-
small-cell lung cancer, and metastatic renal cell carcinoma)**3,

Therapies that target both cancer cells and surrounding microenvironment are now
envisioned as a way to more effectively achieve a relevant anticancer effect, as
remaining cancer cells would not have an appropriate environment to further grow and

proliferate!415,

1.2.3 Biological relevance of nucleolin

Nucleolin is a 76 kDa protein which was first described as a nucleolar protein in
Novikoff hepatoma cells and Chinese hamster ovary (CHO) cells'®'’. Its expression was
later reported to broadly occur in all cells, in a proliferation-dependent manner'é,
Nucleolin is a non-histone phosphoprotein and can represent up to 10% of total nucleolar
protein in exponentially growing eukaryotic cells. In the nucleus, its main functions
include regulation of rRNA synthesis and ribosome biogenesis. Nucleolin presents a
tripartite structure: a N-terminal domain with acidic stretches, involved in several protein-
protein interactions, which controls rDNA transcription; a central globular domain, with
four RNA-binding domains, involved in pre-RNA processing; and a C-terminal domain,

constituted by arginine-glycine-glycine repeats, which interacts with ribosomal proteins.
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Nucleolin acts as a shuttling protein between the cytoplasm and the nucleus,
promoting the import of ribosomal subunits to the nucleus, where it brings them together

with RNA-2,

1.2.3.1 Surface nucleolin: targeting opportunity towards tumors of diverse

histological origins

In highly proliferating cells, such as metabolically active cancer cells, nucleolin
translocates from the nucleus to the cytoplasm and cell membrane, in an energy-
dependent process that occurs through the actin cytoskeleton??. This translocation also
takes place in endothelial cells of angiogenic blood vessels?®. Therefore, nucleolin arises
as a potential target for therapies targeting both cancer cells and the tumor
microenvironment, more specifically, the tumor vasculature. Recently, expression of
surface nucleolin has also been identified in cancer stem cells from different breast
cancer cells lines, correlating with tumorigenic potential®*. Since cancer stem cells are
highly tumorigenic cells, playing a crucial role in metastization and tumor relapse?2°,
these findings further highlight the relevance of nucleolin as a therapeutic target.

Although the role of nucleolin at the cell surface is still not fully understood, different
studies have revealed interactions with different proteins and signaling pathways. At the
cell surface, nucleolin can bind to and mediate the internalization of a plethora of ligands,
in a calcium-dependent mechanism?’. These include urokinase-type plasminogen
activator (involved in cell proliferation and migration during angiogenesis)?, the human
immunodeficiency virus (HIV) inhibitors midkine and pleiotrophin®® and cell proliferation
inhibitor lactoferrin®:. Upon binding to nucleolin, the complex thus formed is quickly
internalized and transported to either the cytoplasm or the nucleus??2?731-33, Nucleolin

also binds to endostatin, an endogenous 20 kDa protein with anti-angiogenic and
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antitumoral effects that has low toxicity. Shi et al. identified nucleolin as responsible for
internalization of endostatin and its transport to the nucleus of endothelial cells, leading
to anti-tumoral and anti-angiogenic effects®?34,

At the cell surface, nucleolin interacts simultaneously with epidermal growth factor
receptor (EGFR) and Ras, promoting EGFR phosphorylation and dimerization and
contributing to anchorage-independent cell growth in cell lines of diverse histological
origin, such as breast, kidney and brain®*¢, Expression of nucleolin, Ras or EGFR in the
MDCK cell line did not alter the colony formation capacity of the cells. However, in vivo,
the overexpression of these three proteins enabled a higher rate of tumor growth than
cells expressing just one or two of those proteins®. The potential of these proteins as
therapeutic targets has been supported in several studies. Incubation of prostate and
colon cancer cell lines with a Ras and a nucleolin inhibitors, enabled increased cell death
and inhibition of anchorage-independent cell growth and cell migration than single drug
incubations®. Incubation of U87-MG glioblastoma cells with the same combination of
inhibitors led to higher cell death and reduced cell migration®. However, in an ectopic
U87-MG model, administration of both inhibitors did not have stronger impact on tumor
volume than single drug treatment. Nevertheless, inhibition of cell proliferation and cell
death was more pronounced in tumors treated with the drug combination, as evaluated
by Ki-67 and caspase 3 staining®.

In non-Hodgkin’s lymphoma, surface nucleolin forms a complex with Fas, a
member of the tumor necrosis factor superfamily of apoptosis receptors. The interaction
blocks the binding of Fas to its ligand, FasL, resulting in a decrease in the apoptosis
level. This suggests that nucleolin plays a role in cells that, although overexpressing Fas,
are resistant to its activation®.

Nucleolin also interacts with heparin-bound growth factors. In prostate cancer cells,
it interacts with hepatocyte growth factor (HGF), a regulator of carcinoma growth and
invasion that binds to Met receptor. In the absence of this receptor, HGF is still able to

activate the extracellular signal-regulated kinase (ERK) and Akt signaling pathway upon



Chapter 1

binding to nucleolin®®. In hepatoma cells, nucleolin interacts with hepatoma-derived
growth factor (HDGF), involved in cell proliferation and metastasis. HDGF elicits
translocation of nucleolin to the cell surface, where the two proteins interact and, similarly
to what was observed with HGF, activate the Akt pathway*.

In papillary thyroid cancer and glioblastoma, nucleolin activates C-X-C chemokine
receptor type 4 (CXCR4) signaling, contributing to cell growth, migration and invasion.
Knockdown of nucleolin using small interfering RNA (siRNA) led to decreased ERK and
Akt phosphorylation and resulted in impairment of overall cell growth and migration*2=4,
In addition, in glioblastoma, nucleolin interacts with the a3 integrin and receptor protein
tyrosine phosphatase B/ (RPTPB/{), components of the phosphoinositide 3-kinase
(PI3K)/Akt pathway®. In this study, surface nucleolin was detected only in cells
expressing ayfs integrin and was dependent on integrin phosphorylation upon RPTPR/C
activation®.

Considering the overexpression of nucleolin at the cell surface of both cancer cells
and angiogenic blood vessels and its role in several pathways that regulate tumor growth
and metastization, several approaches have been explored aiming at targeting nucleolin.
These strategies rely on two main goals: using nucleolin as a target protein for the

delivery of therapeutic payloads, as well as disrupting nucleolin signaling.

1.2.3.2 Surface nucleolin as atarget for intracellular drug delivery

The expression of nucleolin at the surface of a variety of cancer cells and
endothelial cells from the tumor vasculature, represents an opportunity for receptor-
mediated intracellular drug delivery. This type of strategy usually encompasses the use
of a nanoparticle encapsulating the therapeutic payload and functionalized with an

internalizing targeting ligand. Alternatively, the drug can also be covalently conjugated
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to the nucleolin-binding ligand itself. Among these, the F3 peptide and the AS1411

aptamer are the ones that have been explored the most.

1.2.3.2.1 F3 peptide as targeting ligand for intracellular drug delivery

The nucleolin-binding F3 peptide is a 31-amino acid peptide that has been used
as a targeting ligand of nanoparticles containing chemotherapeutic drugs (doxorubicin*®
or cisplatin*’), photodynamic therapy agents*® or chemically conjugated to
radiotherapeutics*® (Table 1.1). In this respect, nanoparticles of different nature have
been tested in different types of cancer models.

A F3 peptide-targeted cisplatin-loaded hydrogel nanoparticle affected, upon
intravenous administration, the tumor vasculature, as suggested by the reduced viability
of primary tumor endothelial cells and vascular density of a teratoma model, with a
human vasculature. This resulted in decreased tumor progression, relative to treatment
with combined administration of free cisplatin and empty targeted nanoparticles.
Moreover, in A2780- or SKOV3-derived tumors (cisplatin-sensitive and cisplatin-
resistant, respectively) it even enabled reduction of tumor volume, in contrast with the
aforementioned controls, resulting in improved survival®’.

F3 peptide-targeted strategies also improved the outcome of photofrin-containing
nanoparticles*® and ?°Bi-DTPA-based radiotherapy *°, namely in terms of survival in in
vivo models of gliosarcoma and peritoneal carcinomatosis, respectively.

The potential of intracellular drug delivery mediated by nucleolin has been further
confirmed in different settings. Treatment of mice bearing MDA-MB-435 tumors in the
mammary fat pad, with F3 peptide-targeted pH-sensitive liposomes containing
doxorubicin enabled a suppression of tumor invasion into adjacent healthy tissues, in
contrast to a number of different controls tested, including the non-targeted counterpart.

The versatility of the strategy was further demonstrated with the encapsulation of a drug

10
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combination of doxorubicin and the sphingolipid, C6-ceramide (inhibitor of the PI3K
pathway)®°. A killing level of 100% was achieved against both stem-like and non-stem
MDA-MB-231 triple-negative breast cancer cells, in contrast with the targeted
counterpart containing doxorubicin alone that did not go beyond 90 %?2*. The versatility
of the strategy has also been reflected on the nature of the drug to be encapsulated. In
fact, F3 peptide containing anti-polo-like kinase 1 (PLK1) siRNA decreased viability of
both PC-3 prostate cancer cells and HMEC-1 endothelial cells, a model of endothelial
cells from angiogenic blood vessels. In addition, upon combination with paclitaxel, a 3-
fold reduction of ICso (relative to paclitaxel alone) was obtained®?.

A targeting approach based on fusion toxins, comprised by the F3 peptide and the
ribosome-inactivating protein gelonin, has also been developed. Three formats of fusion
toxins, differing in the number of F3 peptide sequences used, presented improved
cytotoxicity against prostate cancer cell lines, relative to gelonin alone. However, only
the multimeric formats enabled improved tumor accumulation and reduced tumor growth
in ectopic models of prostate cancer and glioblastoma, respectively. The most potent
effects obtained with these formats, relative to the monomeric fusion toxin, could be due
to their increased valency or improved exposure of the F3 peptide sequences, enabled

by the use of multimers and the linker (GGSG)s between each F3 peptide sequence®?.

1.2.3.2.2 AS1411 as targeting ligand for intracellular drug delivery

Aptamers are guanine-rich oligonucleotide molecules that form four-stranded
structures and present specific protein-binding (aptameric) properties. One of the main
issues regarding oligonucleotide-based therapies is their stability in serum and in the
presence of cellular nucleases. However, aptamers present increased resistance to
nuclease activity, due to their quadruplex structure, making them more suitable for

therapeutic purposes.

11
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The AS1411 aptamer has been used to target nanoparticles of different nature,
containing either siRNA® or small drugs®>® towards nucleolin-overexpressing cells
(Table 1.2). Similar to what has been described for the F3 peptide, AS1411-based
strategies led to improved cytotoxicity against nucleolin-overexpressing cell lines relative
to non-targeted counterparts®®-5!, Similar effects to the ones reported for F3 peptide-
targeted approaches were also observed, namely a marked tumor growth inhibition and
improved survival, depending on the tumor model. Of notice in this set of studies is the
absence of reported effects on the tumor vasculature.

AS1411 has also revealed to have antiproliferative activity on its own (Table 1.3).
At the molecular level, in breast cancer cells, it enabled destabilization of bcl-2 mRNA
and downregulated expression levels of miR-21, miR-221, miR-222 and miR-103,
usually associated with tumor aggressiveness and resistance to antineoplastic
therapy®263, Furthermore, inhibition of nuclear factor kappa B (NF-kB) activation was
observed following incubation with human prostate, breast and lung cancer cell lines®*.
The pharmacological activity, both in vitro and in vivo, that the AS1411 aptamer has
revealed against tumors of diverse histological origin, including leukemia®¢, supported
a phase Il clinical trial in patients with acute myeloid leukemia, in combination with
cytarabine (NCT00512083). An improved anti-leukemic activity, with acceptable safety
profile and improved overall survival, was observed. However, a phase llb clinical trial to
determine duration of response and survival (NCT01034410) was terminated. Since
then, no reports on new clinical trials have been disclosed.

Notably, the positive outcome of both F3 peptide- and AS1411-targeted platforms
were observed in tumor models from different histological origins, supporting the

relevance of nucleolin as a target in a wide range of tumors.
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Chapter 1

1.2.3.3 Nucleolin as atarget for pseudopeptides and antibody formats

Although the effectiveness of AS1411 in clinical trials remains unconfirmed, the
promising results obtained in several models of nucleolin-overexpression tumors, paved
the way to the development of other entities aiming at disrupting nucleolin signaling,

namely pseudopeptides and antibody formats (Table 1.3).

1.2.3.3.1 Nucleolin as atarget for pseudopeptides

The nucleolin-binding pseudopeptide HB-19 has a pentavalent structure
composed by the tripeptide lysine-proline-arginine (with a reduced bond between the
lysine and proline residues) coupled to an 9-amino acid template. The reduced bond
between lysine and proline provides resistance to serum proteases’®. Upon binding to
nucleolin, this pseudopeptide is translocated to the cytoplasm, but not to the nucleus,
leading to a reduction in the nucleolin levels, both at the cell surface and in the
cytoplasm?®.

HB-19 decreased the colony formation capacity of several cell lines, the
proliferation and migration of VEGF-stimulated HUVEC, and enabled anti-angiogenic
effects in a chick choriallantoic membrane (CAM) assay, reducing blood vessel length
by 50%. Importantly, these effects translated into antitumoral and anti-angiogenic effects
in in vivo breast cancer models, without evidences of toxicity in normal tissues’. HB-19
activity relied on the decrease of both the percentage of cells in the S phase of the cell
cycle and ERK1/2 phosphorylation”. The activity of HB-19 has been further
demonstrated against rhabdoid tumor-derived cells, upon reducing the tumorigenic
potential as well as the expression of different genes involved in tumorigenesis and
angiogenesis like Wilms’ tumor 1 (WT1), matrix metalloproteinase-2 (MMP-2), epithelial
isoform of CD44 (CD44E) and VEGF. In TllIl melanoma cells, it reduced the expression

of MMP-2, MMP-9 and tumor necrosis factor a (TNF-a).

19



General Introduction

Among the different analogs generated from the original HB-19, the one
codenamed N6L, proved to be particularly promising®.. N6L consists of six repeats of
lysine-2-aminoisobutyric acid-glycine, with the pseudotripeptide lysine-proline-arginine
(reduced peptide bond between lysine and proline) grafted onto the lysine residues. In
contrast with HB-19, which was translocated to the cytoplasm upon binding to nucleolin,
N6L was translocated to the nucleolus®. Interestingly, N6L enabled distinct inhibitory
mechanisms depending on the tumor cell type, as 90% cell growth inhibition for the most
sensitive cell lines. In leukemia and lymphoma cell lines, it not only inhibited cell growth,
but also promoted a level of cell death that varied between 35 and 70%%2. Other N6L
effects were also dependent on the cell type. In cell lines from breast, prostate and
cervical cancer, N6L treatment restored contact inhibition, whereas inhibition of
spreading and migration was observed in cells lines from colon carcinoma and breast
cancer, respectively®?,

In consonance with the impact of N6L on cancer cell growth and death, studies
approaching its effects at the molecular level reported alterations on apoptotic pathways
and cell cycle. In MDA-MB-231 breast cancer cells, N6L led to caspase-dependent
apoptosis®* and in glioblastoma cells it decreased the levels of cyclins D1 and B2,
promoting increased number of cells in G1 phase and cell cycle inhibition®. In addition,
in these glioblastoma cells, treatment with N6L promoted autophagy, as evaluated by
the expression of the autophagic markers p62, LC3l and LC3I182,

Similar to other nucleolin-targeting strategies, N6L also affected angiogenic
endothelial cells. HUVEC cells incubated with N6L presented decreased adhesion,
proliferation and migration, consistent with the observed decreased expression of MMP-
2 (involved in the degradation of the extracellular matrix and therefore in migration) and
activation of several kinases (Src, FAK, Akt and ERK1/2) that regulate cell adhesion and
proliferation®. Also consistent with its anti-proliferative effects, N6L increased the
percentage of cells in G1 phase®. These effects translated into angiogenesis inhibition,

evaluated by CAM assay®.
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Importantly, in endothelial cells N6L also decreased secretion or expression of
Ang-2 (after a 5 h or 72 h incubation, respectively), a protein that prevents vessel
normalization, and increased expression of platelet-derived growth factor receptor beta
(PDGFB), involved in pericyte recruitment, which helps maintain the vasculature
structure®. In fact, in vitro assays showed improved pericyte migration upon incubation
with N6L. These results supported an effect of N6L on both cancer cells and tumor
vasculature, which was confirmed in vivo. In both xenograft and syngeneic models, N6L
enabled antitumoral and anti-angiogenic properties with no associated toxicity88385, In
a syngeneic model of pancreatic cancer, treatment with N6L not only affected tumor
volume and metastasis, but also promoted normalization of the tumor vasculature, by
increasing pericyte coverage (which prevents vascularization) and reducing hypoxic area
(evaluated by pimonidazole and carbonic anhydrase 9 staining).® In line with the in vitro
results, N6L-treated mice presented a 68% reduction of Ang-2 levels in the plasma, as
well as decreased expression in the tumor. The tumor vasculature normalization resulted
in improved perfusion and doxorubicin delivery, with a 3.5-fold increase of the tumor drug
level. The positive impact of vasculature normalization was further confirmed in
pancreatic tumors. N6L combined with gemcitabine, the standard of care in this setting,
enabled significant tumor growth inhibition relative to single treatments®.

Due to these promising results, N6L was evaluated in a phase I/lla clinical trial on

advanced solid tumors (NCT01711398), the report of which is not known yet.

1.2.3.3.2 Nucleolin as atarget for antibodies

Antibody-based constructs against nucleolin have also been explored, such as
NCL3, a rabbit nucleolin-binding full-length antibody, whose effects were mainly seen at

the tumor vasculature level, accompanied by downregulation of Bcl-2 expression®.
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Anticancer activity has been also observed with an anti-nucleolin single-chain variable
fragment, 4LB5 (scFv, an antibody format generated by fusion of the variable domains
of a heavy chain and a light chain, as explained in section 1.3.2.2 and depicted in Figure
1.4). It affected cancer proliferation, both in vitro and in vivo, without evidence of side
effects. Activity was supported by downregulation of miR-21, miR-221 and miR-222 and
increased apoptosis®’. Fusion of 4LB5 to human pancreatic RNase, which becomes toxic
upon internalization, resulted in a significant reduction of colony formation and tumor
growth inhibition, relative to 4LB5 alone. Although tumors from mice treated with this
fusion construct presented reduced cellularity than the ones treated with 4LB5,
proliferation was increased. These results suggested that this construct acted mainly
through cytotoxic effect, rather than a cytostatic one®,

The generation of anti-nucleolin full-length antibodies has also been reported.
These antibodies reduced the viability of leukemic MV4-11 cells, from 30-80% of
untreated cells. Moreover, some of the antibodies presented increased cytotoxic activity
in the presence of human serum (source of complement), relative to the control condition
using heat inactivated human serum, suggesting a complement-dependent cytotoxicity
(CDC; section 1.3.2) effect®.

Overall, the studies herein presented confirm the relevance of nucleolin as a
therapeutic target for several tumors. However, despite the different strategies that have
been developed, antibody-based approaches focused on the recruitment of the immune
system, particularly antibody-dependent cell-mediated cytotoxicity (ADCC; section

1.3.2.1) remain largely unexplored.
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General Introduction

13 CANCER AND THE IMMUNE SYSTEM

Immune evasion is as a key factor in tumor development®?, as evidenced by the
high tumor take rate, following xenotransplantation of mouse strains with deficiencies in
cells and factors of the immune system, such as T cells, B cells and interferon gamma
(IFN-y).

The current theory of cancer immunosurveillance and immune-editing states that
the immune system is in dynamic interaction to avoid tumor development. Escaping its
tight regulation and promoting an immunosuppressive environment constitute major
steps in tumor development. Therefore, research on anticancer therapy has been
focusing on counteracting this immunological shutdown and restoring some of the

immune system activity.

1.3.1 Cancer immunotherapy

Immunomodulatory therapy and adoptive transfer of immune factors are currently
the main cancer immunotherapeutic strategies®—°*. Immunomodulatory therapy aims at
breaking the immune tolerance that characterizes the tumor microenvironment, by
activating T cells or by blocking key players on the regulation of the magnitude of the T-
cell response. One of these players is T-lymphocyte antigen 4 (CTLA-4) of helper T cells,
which inhibits cytotoxic T cells®°4, Ipilimumab, an anti-CTLA-4 antibody, was the first
drug to enable improved overall survival in patients with advanced melanoma, as well as
single-agent activity in other malignancies. However, toxicity associated with ipilimumab
is not insignificant and many patients do not respond to therapy®®°. Preclinical and early
clinical studies targeting the programmed death-1 receptor (PD-1), another T cell co-
inhibitory receptor, have shown even better response rates and lower toxicity than

ipilimumab. However, despite its clinical benefit, there were still 55-67% non-
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responders®’. The lack of known biomarkers to predict the efficacy of these antibodies
remains a drawback in these therapies®.

Adoptive transfer of immune effectors is based on the ex vivo generation of large
numbers of T cells or monoclonal antibodies that trigger immune responses, which are
then administered to the patient.

Adoptive transfer of T cells in combination with IL2 has shown promising results in
metastatic melanoma, with objective response rates of 50%, and is currently being tested
also for prostate cancer. An alternative to this strategy is the use of engineered T cells
that express chimeric antigen receptors (CARs), which consist on single-chain
constructs fused to a T-cell receptor signaling domain. This results in a targeted
activation of T cell signaling, which could have the additional advantage of leading to
immunological memory. However, CAR-based therapies still present high toxicity to

healthy tissues®-4,

1.3.2 Structural features of monoclonal antibodies

Antibodies, also known as immunoglobulins (lg), are proteins produced by B cells
of the adaptive immune system in response to antigen detection. In mammals, antibodies
are grouped in five isotypes (IgA, IgD, IgE, IgG and IgM), each presenting a specific
structure and role in immunological processes. The most common of these, IgG,
accounts for up to 80% of the antibodies in normal serum and is usually one of the
components of recombinant proteins for therapeutic purposes for several diseases,
including many types of cancer®.

A typical antibody (Figure 1.2) is a Y-shaped molecule that presents two main
regions, the antigen binding fragments (Fab) and the fragment crystallizable (Fc) region.

Each Fab presents two variable domains (variable heavy chain, VH, and variable light
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chain, VL), along with a constant region (CH1). Both VH and VL domains present three
complementarity determining regions (CDR1, CDR2 and CDR3), which are responsible
for the binding to the antigen, with CDR1 and CDR3 usually presenting the highest
binding extent®®1%. These domains also present four framework regions (FR) that act as
scaffolds that support the loops of the CDRs. The remaining constant domains of the
antibody, CH2 and CH3, constitute the fragment crystallizable (Fc). The Fc fragment is
responsible for the prolonged serum half-life typical of monoclonal antibodies, upon
binding with the neonatal Fc receptor (FcRn), further transporting it within and across
cells, thus preventing degradation'®®. In addition, it also plays a central role in mediating
different types of cell death, such as antibody-dependent cell-mediated cytotoxicity

(ADCC) and complement-mediated cytotoxicity (CDC).

Figure 1.2. Structure of a canonical IgG1 antibody. IgGs are homodimeric proteins, with both
constant (C) and variable (V) domains that organize into light (L) and heavy (H) chains. 1gGs
present two main regions: the antigen-binding fragments (Fab), which bind to the antibody target
with high affinity and specificity, and the fragment crystallizable (Fc) region, responsible for
triggering immune responses upon binding of the antibody to the target. The specificity of the
antibody to the different target, derives from highly variable sequences of loops in the Fabs, the
complementary-determining regions (CDRs), which are present both in the light and the heavy
chains. (Adapted from ref. 125)

The two Fabs are linked to the Fc region by the hinge region, a flexible linker that

impacts on the flexibility of the molecule: the upper hinge portion determines the Fab-
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Fab flexibility, and therefore the angle between the Fab arms; the lower hinge portion
influences the position of the Fab arms relative to the Fc region, thus being responsible
for the Fab-Fc flexibility. The flexibility conferred by the hinge region is believed to play
a role on the antibody’s capacity to trigger immune functions, as Fab orientation relative
to the Fc can alter the accessibility of the latter to C1q (first component of the complement
cascade) and FcyR (IgG Fc receptor)%2,

Differences in the amino acid composition and structure of the hinge region are the
main characteristics for grouping IgGs in four subclasses (from IgG1 to 1gG4). IgG3
presents the longest hinge, thus being the subclass with the highest flexible hinge region
between Fabs and Fc region. The flexibility of the hinge region decreases, subsequently,
in the following order: 1gG1, IgG4 and 1gG2. Based on this feature, IgG1 and 1gG3 are
more prone to trigger immune functions, presenting the former the strongest ADCC
activity, and the latter the strongest CDC capacity. However, other factors, besides the
hinge region flexibility, rule the effectiveness and extent of responses of this nature.
ADCC responses are affected by the antibody affinity and the antigen density, as well as
by immunoglobulin expression by the target cells, whereas CDC effects are regulated by
the presence of membrane-bound complement inhibitory proteins03-10¢,

In terms of serum stability, IgG3 is the least stable, with a serum half-life of 7 days.
The other subclasses present half-lives of about 21 days, which make them more
adequate for therapeutic applications. Therefore, IgG2 or IgG4 are the preferential
choices when immune responses arising from the release of pro-inflammatory cytokines
are undesirable, as in inflammatory and autoimmune disorders. For diseases in which
immune functions have a beneficial effect, such as cancer and viral diseases, IgG1 is
the subclass of preference®?.

Antibodies can exert their effects by several mechanisms, ranging from inducing
direct cell death to the recruitment of components of the immune system. Antibody
binding to its target can alter signal transduction pathways that are involved in cell

proliferation and survival, thus switching off the overall proliferative capacity of these
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cells. Trastuzumab, bevacizumab and cetuximab are examples of antibodies that
present this kind of mechanism and act on the signaling pathways associated with the
activation of HER2, VEGF and EGFR, respectively. Conversely, antibodies can act as
receptor agonists and be used to trigger signaling cascades that lead to cell cycle arrest
and apoptosis, as is the case of apomab, which binds the death receptor 5 (DR5).

In addition to these target-specific effects, antibodies can act by recruiting effectors
of the immune system, either cells or complement factors, leading to ADCC or CDC

mechanisms, respectively®’11° (Figure 1.3).

1.3.2.1 Antibody-dependent cell-mediated cytotoxicity

ADCC is triggered by the simultaneous binding of an antibody to its target cell,
through the Fab domains, and to cells of the immune system (mainly NK cells, but also
T cells), through the Fc region. This double binding initiates a signaling pathway in the
effector cells of the immune system that culminates in the release of several toxins into
target cells the antibody is bound to, thus leading to cell death. Perforin, granzyme A and
granzyme B are the main granule factors involved in this process!!!.

The importance of this cell death mechanism, enabling a more favorable
therapeutic outcome, has been demonstrated in several studies involving
polymorphisms in the IgG1 Fc receptors-coding FcyRIIA and FcyRIIIA genes. These
receptors present different expression patterns depending on the type of immune cells.
FcyRlla and FcyRIlla/CD16a are low-affinity activating receptors for IgG1 Fc and are
expressed by subpopulations of NK cells, macrophages or T cells. Some polymorphisms
in these genes augment the affinity of the IgG1 Fc region towards the receptor and
correlate with better clinical responses, when compared with the responses in the cohort

without the polymorphisms.
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Figure 1.3. Antibody-mediated immune responses. The binding of the antibody to its target
can trigger two main immune responses: antibody-dependent cell-mediated cytotoxicity (ADCC)
and complement-mediated cytotoxicity (CDC). In ADCC, the antibody binds to the target and then
to Fc receptors at the surface of effector cells of the immune system (predominantly, NK cells),
which results in the release of cytolytic molecules from the effectors cells and death of the target
cell. In CDC, the antibody binds to the target and the to the C1lq protein of the complement
cascade. This activates the cascade, which culminates in the formation of a membrane attack
complex at the surface of the target cells and leads to cell death. Alternatively, the C1q can bind
to effectors cells that kill the target cell by phagocytsis or lysis. (Adapted from ref. 110)

For example, non-Hodgkin lymphoma patients presenting a mutation at position
158 of FcyRllla (where phenylalanine was replaced by valine), have been associated
with complete response to rituximab, subsequent to a stronger binding to the
corresponding Fc region 12113, Also, in a cohort of patients with metastatic colorectal

cancer, progression free survival was higher in patients with FcyRlla-131H/H and
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FcyRIlla-158V/V genotypes, regardless of the KRAS status!'. In another setting,
treatment efficacy with trastuzumab was increased in patients with metastatic HER2-
positive breast cancer presenting V/V or H/H genotype, which correlated with higher ex-
vivo ADCC activity of peripheral blood mononuclear cells (PBMCs)*>118, |n this respect,
there are experimental evidences suggesting a stronger ADCC component underlying
trastuzumab mechanism of action than the single interference at the level of the HER2-
associated intracellular signaling pathway. In fact, in patients with HER2+ metastatic
breast tumors, with complete or partial remission, upon treatment with preoperative
trastuzumab, tumor infiltration of lymphoid cells was identified along with ex-vivo ADCC
activity of PMBCs. In these patients, neither HER2 downmodulation nor changes in
proliferation (as evaluated by Ki-67 staining) were observed during therapy!’. Enhanced
ADCC responses were observed upon incubation of cetuximab with a squamous cell
carcinoma of the head and neck (SCCHN) cell line, along with patient-derived NK cells,
being also predictive of increased progression-free survival, and further supporting the

relevance of ADCC in antibody therapy*?8.

1.3.2.2 Antibody fragments and associated molecular size versatility

Although antibodies are an important component in the treatment of several types
of cancer and other diseases, they present some characteristics that limit their
therapeutic efficacy. For example, in the case of the treatment of solid tumors, the main
disadvantage arises from their high molecular weight (about 150 kDa), which limits tumor
penetration!®. For diseases in which the target are cells from the immune system (such
as in autoimmune disorders), the presence of the Fc region becomes a disadvantage,

as it activates cells expressing Fc receptors, leading to massive cytokine release and
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toxicity. As a result, efforts have been made to take advantage of the binding capacity of
the antibodies, while removing associated components that could be detrimental in
specific settings, thus maximizing treatment efficacy. With this goal in mind, a plethora

of antibody fragments has been generated (Figure 1.4).

- - V4 2

VhH domain V, domain
(~15 kDa) (~15 kDa) Fab scFv
(~55 kDa) (~28 kDa)

y *299 4
V, domain év

(~15 kDa) /7 0\ Bis-scFv Diabody
\Q’ (bispecific) (bispecific)
Q\/O -~ (~55 kDa) (~50 kDa)

\ 35 Fab, 3 Triabody
(bispecific) o (trivalent)
(~-110kDa) - (~75 kDa)

Fab, Minibody Tetrabody
(trispecific) (bivalent) (tetravalent)
Camel Ig (~165 kDa) (~75 kDa) (~100 kDa)

Figure 1.4. Schematic representation of antibody formats. Both canonical (IgG) and non-
canonical (camel Ig) immunoglobulins are depicted, as well as the different antibody formats that
can be generated. These formats include not only fragments that are obtained from the full 1gG,
such as single domains and Fabs, but also formats that can be originated by combining different
fragments. This combination allows the generation of antibody formats with multivalency and/or
multispecificity. For each format, approximate size in kilodaltons is indicated. (Adapted from ref.
120)

Research on antibody fragment was initially focused on the use of single Fabs, as
they can be obtained by proteolytic cleavage of the antibody using papain. This enables
a ~50 kDa antibody format, subsequent to the absence of the Fc region. The
development of recombinant technologies provided a way to further explore different
formats, such as scFv, in which the VH and VL domains are joined by a linker that confers
stability to the resulting protein. Production of smaller functional fragments (VH or VL)

proved ineffective, as these fragments do not fold properly, are water insoluble and
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aggregate due to the exposure of hydrophobic amino acids within the VH/VL interface.
Therefore, scFv was the smallest functional fragment that could be successfully
used?0t120,

However, in 1993 Hamers and colleagues identified camel antibodies in which the
light chains and CH1 domain were absent'?!, resulting in an antigen binding region
composed by a single VH in each arm. These smaller antibodies (~100 kDa) had
nonetheless an extensive antigen-binding repertoire and retained high affinity to the
antigen'?2. The discovery of these naturally-occurring non-canonical antibodies, named
heavy chain antibodies (HCabs), evidenced that different antibody formats could be
obtained in a stable and effective form. This has further paved the way to the
development of a new class of antibody fragments, including camelid VHs, named
variable region of a heavy chain antibody (VHHS) or nanobodies.

In addition to their small size, VHHSs display long surface loops that enable them to
reach target antigens that are not usually recognized. In HCabs, the CDR3 is usually
longer than the human VH CDR3, which might account for the VHH effectiveness in
target binding, even in the absence of the VL%1%,

Nanobodies also present some advantages in terms of manufacturing. They can
be expressed in high yields (higher than 50 mg/L) in simple systems such as Escherichia
coli, with low aggregation propensity, in contrast to scFv. In addition, camelid VHs have
been shown to present high similarity to the human VH3 family and therefore have low
immunogenicity in humans. An important difference between the human and the camelid
VHs is the occurrence of three amino acid substitutions in framework 2 that make the
surface more hydrophilic. In camelid VHH, G44, L45, W47 replace the amino acids E44,
R45 and G47, occurring in human VH!23124 This difference is important to improve water
solubility and prevent aggregation. In addition, a disulfide bond between CDR1 and
CDR3 stabilizes the protein!?125 (Figure 1.5). Humanization of camelid VHH can be used

to further reduce immunogenicity2°.
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Figure 1.5. Comparison of human and camelid VH domain. The CDRs of the VHH are longer
than the VH counterparts, especially the CDR3, which accounts for the high affinity of the small
domains. Four substitutions in the framework two (FR2) render the VHH more hydrophylic and
thus contribute to its solubility, which contributes to an easier purification of this kind of fragment.
The presence of a disulfide bond between CDR1 and CDR3 (indicated in yellow) stabilize the
VHH in the absence of the VL that is present in canonical IgGs. (Adapted from ref.124)

One of the main advantages of nanobodies arises from their versatility to originate
diverse protein formats. They can be engineered to originate bifunctional molecules
(upon linking or genetically fusing them to a molecule with the desired function),
multimerized or altered to present bispecificity or even trispecificity, and their blood half-
life can be adapted according to the application*?”. Overall, nanobodies are the smallest
binding unit, presenting high affinity that can be modified to different sizes, valencies and

mechanisms of action, thus constituting ideal building blocks.

1.3.2.3 Nanobodies in cancer therapy

EGFR has been one of the main focus of nanobody development for cancer
therapy. Roovers et al. developed a panel of anti-EGFR nanobodies that, within the

nanomolar/low micromolar range, enabled a significant decrease of the growth of EGFR-
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overexpressing cancer cells'?®, However, nanobodies have a size below the kidney
filtration size limit, which results in high blood clearance rate. Therefore, new strategies
have been developed to overcome this limitation. One of them consisted on the fusion
of nanobodies to an albumin-binding unit, as this protein has a half-life of approximately
20 days, similar to that of a full-length antibody. This strategy proved efficient as it
increased blood half-life of an albumin-binding anti-EGFR nanobody and subsequent 25-
fold increase of tumor accumulation (along with a 8-fold decrease accumulation in the
kidney), relative to the counterpart without the albumin component!?°, Other approaches
included multimerization of nanobodies (with three to five hanobody units), which not
only increased the molecular weight and improved pharmacokinetics, but also increased
valency, and thus avidity®®. In an ectopic A431 squamous carcinoma model,
intraperitoneal administration of trivalent anti-EGFR nanobodies resulted in significant
tumor growth inhibition!?8, In the same animal model, a biparatopic version of one of
these trivalent nanobodies, in which two nanobodies with specificity towards different
epitopes of the same target are cloned, enabled significant tumor growth inhibition*3?,
The versatility of nanobodies, and particularly anti-EGFR nanobodies, has been further
evidenced as targeting ligands of nanoparticles containing chemotherapeutic drugs**?
133.

Nanobodies have also been developed against other cancer targets, following
different constructions. An anti-carcinoembryonic antigen-related cell adhesion molecule
6 (CEACAMG6) nanobody was tested alone or fused to a Fc region, with both antibody
formats inhibiting prostate cancer cell proliferation and tubule formation by HUVEC®**. in
an ectopic U87-MG glioblastoma murine model, intraperitoneal administration of anti-
hepatocyte growth factor receptor (HGFR) nanobodies, fused to an albumin-binding
sequence, decreased tumor volume and increased survival 1. A bivalent anti-CXCR7
nanobody, also fused to the albumin-binding sequence, reduced angiogenesis and
tumor growth in an ectopic 22A hepatoma model**¢. Tang et al. developed an anti-

mesothelin single domain antibody fused to an Fc region, resulting in a protein with in

36



Chapter 1

vitro ADCC and CDC activity, which caused a 70% decrease in the volume of epidermoid
tumors relative to non-treated controls®®’.

Following the idea of tumor microenvironment targeting, anti-VEGF nanobodies
have also been developed and inhibited VEGF-induced HUVEC proliferation in
vitro'38139  In addition, nanobodies targeting receptors overexpressed in angiogenic

endothelial cells, such as VEGFR and CD105, inhibited endothelial tube formation.

1.3.2.4 Bispecific antibodies formats in cancer therapy

Bispecific antibodies can be divided into two general groups: those that retarget
effector cells of the immune system to tumor cells and those that target two tumor
antigens. In the first case, the antibody binds a tumor antigen and a T cell receptor,
usually CD3. The construct is often a bispecific T cell engager (BiTE), comprised by two
scFV fragments that form a bridge between the T cells and the tumor cells, leading to
the release of cytotoxic granules and consequently cell death, in a MHC-I-independent
manner42143,

The second type of bispecific antibody aims at a dual blockade of tumor-associated
signaling pathways. Tumors frequently find a way to evade the anti-tumorigenic effects
of a therapy, upon switching the preferential survival mechanism. As such, simultaneous
targeting of two different pathways with the same therapeutic entity is envisioned as a
promising way to decrease the extent of drug resistance and increase overall efficacy.
Antibodies targeting tumor MET and EGFR*4, DIl4 and VEGF*, Ang-2 and VEGF,
EGFR and VEGFR2*, or HER2 and HER3'*® are examples of bispecific proteins,
currently in phase | and phase Il clinical trials'*2. Importantly, some of these structures

target simultaneously different cellular components of the tumor, as cancer cells and

37



General Introduction

tumor vasculature. This kind of strategy has used both full-length antibodies and antibody

fragments, from Fab to scFv and VHHSs.

1.4 OBJECTIVES

Nucleolin targeting has been explored using different strategies, from ligand-
mediated delivery of cytotoxic payloads, to disruption of cell proliferation signaling with
pseudopeptides and antibodies. Overall results show promising effects on affecting
cancer cell growth as well as the endothelial compartment of the tumor, while presenting
low toxicity.

Antibodies are an increasingly explored therapeutic field. Their high specificity and
affinity, combined with the different mechanisms by which they can act, have turned them
an important tool in cancer therapy. Nowadays, their potential is being further explored
by taking advantage of the capacity to generate different formats with a wide variety of
properties, for instance, in terms of size, valency, multispecificity and cell death
mechanisms.

The main objective of this work was to develop two types of nanobody-based
platforms targeted to nucleolin, developed for the first time developed against this target,
to the author’s best knowledge. The first one consisted on the engraftment of nucleolin-
binding sequences onto nanobodies, to take advantage of their potential as building units
to generate other types of constructs. The second platform consisted on anti-nucleolin
nanobody-Fc antibody, in order to explore potential immune mechanisms, namely
ADCC, which had not been previously reported against this target. These proteins were
characterized in terms of cellular association, cytotoxicity and ADCC capacity using

cancer and endothelial cells. Additionally, the potential of using nanobodies as bispecific
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molecules was also explored. In this respect, nanobodies targeting nucleolin and TNF-a

were used as a model.
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2.1 INTRODUCTION

Nanobodies arise as a promising approach to develop targeted therapeutic
strategies. They are the smallest binding unit of antibodies, while retaining high affinity
and favoring tumor penetration. In contrast to scFv, they are not prone to aggregation
and can be produced with high yields, presenting high physicochemical stability49%°, In
addition, nanobodies can also originate a variety of constructs, enabling antitumor
responses or targeted delivery of drug payloads'?”1%l, Based on these features,
nanobodies have been tested, either alone, against VEGFR2%° or EGFR!?%12% or as
targeting ligands, for example, of nanoparticles'®2133 Pseudomonas exotoxin A'®? or of
a photosensitizer!®3, to generate anticancer therapies with increased efficacy.

Nanobodies have been also explored in the context of bispecific targeting. In a
conventional antibody, bispecificity is usually achieved by fusing two nanobodies against
each target of interest’®2. Therefore, the current method for nanobody-based
development of bispecific entities results in formats with twice the molecular weight. So
far, no strategies to endow nanobodies with bispecificity without compromising their size
have been reported. This issue was addressed in this work, by conferring different
specificities to CDR1 and CDR3, towards different targets as nucleolin and tumor
necrosis factor a (TNF-a).

Nucleolin is considered a promising target for cancer therapy, due to its
overexpression at the cell surface in two different cellular subpopulations in solid tumors,
as the cancer cells and endothelial cells of the vasculature®*?’. In fact, overexpression
in endothelial cells enables a facilitated access of any therapeutic molecule, and namely
nanoparticles, to a solid tumor, following intravenous administration. Importantly, the
target overexpression at the tumor level constitutes an important factor to decrease the
extent of severe side effects!®*. Therefore, a variety of agents targeting nucleolin have

been developed, including targeted nanopatrticles, aptamers and pseudopeptides. In vivo
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studies testing several of these nucleolin-targeting approaches supported increased
therapeutic efficacy®’ 155156,

TNF-a is a cytokine expressed as a 26 kDa transmembrane protein (tmTNF-a),
which localizes at the cell surface of monocytes, macrophages and activated T cells.
Upon proteolytic cleavage, the 17-kDa soluble TNF-a, a cytokine involved in
inflammatory processes, is originated**’:1°8, However, in some breast cancer tissues and
breast cancer cell lines it has been reported that expressed tmTNF- a is not processed
into its mature form, but rather remains at the cell surface. This renders cancer cells
resistant to soluble TNF-a and thus prone to survive'®®1°, Targeting this transmembrane
TNF-a with an antibody specific to the extracellular portion of the cytokine led to
decreased tumor volume and inhibited tumor growth rate by 70%, in an orthotopic MDA-
MB-231 mouse model of triple-negative breast cancer. This was accompanied by a
decrease of lymph node metastasis!®!. These results reinforce tmTNF-a as a potential
target for anticancer therapy.

Based on the therapeutic potential of nanobodies, along with vascular tumor
targeting, the aim of the work herein presented was to engineer nucleolin-binding
nanobodies upon grafting of the nucleolin-binding F3 peptide-derived 10-amino acid
sequence, onto CDR1 or CDR3 of an anti-human TNF-a VHH. Based on this strategy,
the generation of bispecific nanobodies (anti-nucleolin and anti- anti-human TNF-a) was

also assessed.

2.2 MATERIALS AND METHODS

2.2.1 Reagents

Human recombinant nucleolin was from Abnova (Taiwan) and human recombinant

TNF-a was from Thermo Scientific (USA). F3 peptide
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(KDEPQRRSARLSAKPAPPKPEPKPKKAPAKK) was custom synthesized by Genecust
(Luxemburg). Infliximab was from Janssen Biologics BV (The Netherlands). All other

chemicals were of analytical grade purity.

2.2.2 Cell lines

MDA-MB-435S (ATCC® HTB-129™, USA), MDA-MB-231 (ATCC® HTB-26™,
USA) and 4T1 (ATCC® CRL-2539™, USA) cell lineswere cultured in RPMI-1640 (Lonza,
Switzerland), supplemented with 10% (v/v) heat-inactivated FBS (HyClone, USA), 2 mM
of L-glutamine (Lonza, Switzerland) and 1% (v/v) Pen/Strep/Fungiezone solution
(HyClone, USA), and maintained at 37°C in a humidified atmosphere of 5% CO,. HMEC-
1 cells line was a generous gift by the Centers for Disease Control and Prevention (USA)
and was maintained in the same conditions as the other cell lines, being the culture
medium further supplemented with 10 pg/L mouse epidermal growth factor and 1 pg/L

hydrocortisone (Sigma, USA).

2.2.3 Development of anti-nucleolin nanobodies

An anti-human TNF-a VHH (Ablynx, Belgium)!®2, here referred to as parental VHH,
was used as a scaffold for the development of nanobodies targeting nucleolin. Parental
VHH is presented in Figure 2.1A (DNA and protein sequences are presented in
Appendix, Figure 1), and incorporates: (i) a N-terminal peptide leader sequence, which
targets the protein to the cell periplasm, minimizing the formation of inclusion bodies and

thus allowing high yields of protein after purification; (ii) a histidine (His) tag for affinity
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purification; and (iii) a hemmaglutinin (HA) tag for protein detection by western blot,

enzyme-linked immunosorbent assay (ELISA) and flow cytometry.

A
Hingli Byl
l SEGGS SGGGS SGEGS SGGGS :
v v \ ) " v
ﬁ Leader peptide H COR1 H CDR2 H COR3 H His H HA P
PORRSARLSA
E 3
CKDEPORRSARLSAKPAPPKPEPKPEKAPAKEK
F3 peptide
B
* Leader peptide H COR1 H CDR2 H COR3 H His w
—) — <= = L
Hindll-LP-F COR1-F COR1-R CORF COR2-R

Ha-Bgll- R
CDRIL-F COR1L-R CDR3L-F CDRIL-R %

Figure 2.1 Schematic representation of the VHH cloning. (A) Sites of insertion of the F3
peptide-derived nucleolin-binding sequence, the linker SGGGS and restriction sites of the
enzymes used for cloning. (B) Primers used in the PCR reactions.

To generate a nucleolin-binding hanobody, CDR1 or CDR3 domains were grafted
with the nucleolin binding F3 peptide-derived 10-amino acid sequence (Figure 2.1A),
giving rise to two different nanobodies (aNCL-CDR1 VHH and aNCL-CDR3 VHH;
Appendix 1, Table 1). In addition, a variant of this sequence, flanked by the linker
SGGGS at both ends, was also grafted onto each CDR, originating the nanobodies
aNCL-CDR1-L VHH and aNCL-CDR3-L VHH. First, to amplify by PCR the 10-amino
acid sequence with which end of the framework regions around CDR1 or CDR3, primer

Hindlll-LP-F was used in combination with primer CDR1-R, CDR1L-R, CDR3-R or
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CDR3L-R and primer Bglll-HA-R was used in combination with primer CDR1-F, CDR1L-
F, CDR3-F or CDR3L-F, as indicated in Figure 2.1B (primer sequences are listed in
Appendix 1, Table 3). PCR reactions were carried out with Phusion DNA Polymerase
(Thermo Scientific, USA), under the conditions described in Appendix 1, Table 1. PCR
products were visualized on a 1.5% (w/v) agarose gel with 10% (v/v) ethidium bromide
(Electran, BDH, UK) to confirm proper amplification, using ChemicDoc XRS System with
Quantity One software (Bio-Rad, USA), and recovered with the NzyGelPure kit (Nzytech,
Portugal). Purified DNA was quantified with NanoDrop 1000 Spectrophotometer
(ThermoScientific, USA). A second PCR was carried out to overlap the two sequences
obtained. PCR conditions were the same as for the first PCR, however primers were only
added after 10 cycles. Upon recovery, the DNA was digested with Hindlll and Bglll
(Thermo Scientific, USA) and inserted onto a pT7 vector, a bacterial T7 promoter-based
vector, used for protein expression in E. coli. T4 DNA Ligase (Thermo Scientific, USA)
was used for the ligation reaction of 40 ng of digested pT7 and 12 ng of digested VHH
DNA, at 22°C for 2 h, followed by enzyme inactivation at 70°C for 5 min. Two microliters
of the resulting mixture were added, on ice, to 40 pl of IM109 E. coli electrocompetent
cells, followed by electroporation on a Gene Pulser Il Electroporation System (Bio-Rad,
USA), at 200 Q, 25 uFD, 1.8 kV. Super optimal broth with catabolic repressor (SOC)
medium (2% w/v tryptone, 0.5% w/v yeast extract, 0.05 w/v NaCl, 2.5 mM KCI, 10 mM
MgCl,, 20 mM glucose, pH 7.0) was immediately added to the cells and the mixture was
transferred to a tube and incubated for 1 h at 37°C, under mechanical stirring at 220 rpm.
Bacteria were then plated on solid high salt lysogeny broth (LB) medium (1% wi/v
tryptone, 0.5% wi/v yeast extract, 1% w/v NaCl, 1.5% w/v agar) with ampicillin (100 mg/L),
the resistance marker of the pT7 vector. After overnight incubation at 37°C, colony

screening was performed.
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2.2.4 Colony screening

For screening of positive clones, colonies were harvested and transferred to 20 pl
of sterile water and 5 pl of this suspension was used in a PCR reaction with Green Master
Mix (Nzytech, Portugal), as indicated in Appendix 1, Table 2. The remaining suspension
was stored at 4°C until further use. One colony without the digested VHH DNA sequence
was used as control. PCR reactions were then visualized on a 2% (w/v) agarose gel, as
described in section 2.2.2. Colonies for which there was a strong band were selected for
a small-scale test of protein expression. Bacteria were grown overnight in LB medium
(1% wiv tryptone, 0.5% w/v yeast extract, 1% w/v NaCl, 1.5% w/v agar) with ampicillin
(100 mg/L) and plasmid DNA was recovered by miniprep, with the Zyppy Plasmid
Miniprep Kit (Zymo Research, USA). BI21 (DE3) E. coli electrocompetent cells were
transformed with 100 ng of recovered DNA, following the same protocol as previously

described for transformation of IM109 E. Coli bacteria (section 2.2.3).

2.2.5 Preparation of electrocompetent cells

Bacteria from a -80°C stock were inoculated in super optimal broth (SOB) medium
(2% wiv tryptone, 0.5% w/v yeast extract, 0.05 w/v mM NacCl, 2.5 mM KCI, 10 mM MgCly,
pH 7.0) and grown overnight at 37°C, with mechanical stirring at 220 rpm. Afterwards, a
1/100 dilution was prepared with SOB medium and the culture was grown until an optical
density (OD) value of 0.5, at 600 nm. The culture was then chilled on ice and centrifuged
(4,000 x g, 4°C, 45 min). Supernatant was discarded and the pellet was ressuspended
in an ice-cold solution of 10% (v/v) glycerol. Centrifugation and ressuspension steps
were repeated and after a final centrifugation, supernatant was discarded and bacteria

ressuspended in the residual volume. Forty-microliters aliquots were quickly frozen in
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liquid nitrogen and then stored at -80°C. Transformation efficiency of the cells was

evaluated by transforming with pUC18 and counting the colony forming units.

2.2.6 Small-scale test of protein expression

Positive clones identified in the screening by PCR were grown overnight in LB
medium with ampicillin, after which 50 ul inoculated in 5 mL of super broth (SB) medium
(3% wiv tryptone, 2% wi/v yeast extract, 1% w/v 3-(N-Morpholino)propanesulfonic acid,
MOPS, 10 mM MgCl,, pH 7.0) with ampicillin and then grown at 37°C, with mechanical
stirring at 220 rpm, until reaching an optical density between 0.7 and 0.9, at 600 nm.
Expression was induced with 1 mM of isopropyl p-D-1-thiogalactopyranoside (IPTG,
Thermo Scientific, USA) at 30°C, with mechanical stirring at 220 rpm, for 5 h. Bacteria
were then harvested by centrifugation (10,000 x g, 4°C, 10 min), ressuspended in 400 pl
of phosphate buffer saline (PBS, 137 mM NacCl, 2.7 mM KCI, 10 mM Na2HPO4, 1.8 mM
KH2PO4, pH 7.4) with EDTA-free protease inhibitor cocktail (Roche, Switzerland) and
further lysed in a ultrasonic bath, for 30 min. Following centrifugation, the soluble fraction
from each clone was used to evaluate protein expression by ELISA and protein integrity

by Western Blot.

2.2.7 Detection of protein expression by ELISA

Soluble fraction (100 pl) of the expressed proteins was plated on a Costar 96-well
plate (Thermo Scientific, USA) and incubated at 37°C for 1 h, after which unbound

protein was removed upon washing with PBS. Nonspecific binding sites were blocked
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with 3% (w/v) bovine serum albumin (BSA, Sigma, USA) in PBS, for 1 h at 37°C. After
five washing steps with PBS, 100 pl of anti-HA-peroxidase antibody (clone 3F10 from
Roche, Switzerland, diluted at 1:1000 in 1% BSA in PBS) were added and incubated for
1 h at 37°C. Following five additional washing steps, 100 ul of 0.06% (v/v) of H.O»in 0.4
mM 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS, Merck Millipore,
USA) solution were added to the wells. Absorbance (405 nm/495 nm) was measured

after 5-15 min on Tecan Infinite 200 microplate reader (Tecan Trading AG, Switzerland).

2.2.8 Western Blot

For western blot analysis, protein samples were diluted in Laemmli buffer (62.5
mM Tris, pH 6.8, 2% (w/v) SDS, 4% (v/v) glycerol, 0.001% (w/v) bromophenol blue, 6 %
(v/v) B-mercaptoethanol) and denaturated at 95°C, for 10 min. Diluted protein samples
and PageRuler prestained protein ladder (Thermo Scientific, USA) were then loaded in
a 1.5 mm 15% (w/v) polyacrylamide gel and separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), using a Tris-glycine buffer (25 mM Tris,
192 mM glycine, 0.1% w/v SDS, pH 8.3). Once separated, the proteins were transferred
onto a nitrocellulose membrane (GE Healthcare, UK) using Tris-glycine buffer with 20%
(v/v) methanol. Non-specific binding sites in the membrane were then blocked with a
blocking buffer consisting of 5% (w/v) non-fat milk in Tris-buffered saline (TBS, 50 mM
Tris, 150 mM NacCl, pH 7.5) with 0.1% (v/v) tween 20 for 1 h, at room temperature, in a
shaker. After blocking, incubation with rat anti-HA-peroxidase antibody (clone 3F10,
Roche, Switzerland, diluted 1:4000 in blocking buffer) was performed, in the same
conditions used in the blocking step. The membrane was washed five times for 10 min

with TBS with 0.1% (v/v) tween 20 and incubated with Immobilon Western Enhanced
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Chemiluminescent HRP substrate (Merck Millipore, USA) for 5 min. Chemiluminescent

signals were detected on a film.

2.2.9 Sequencing

Clones presenting the highest values of expression, as evaluated by ELISA, and
which were detected by Western Blot, were further sequenced at Macrogen, Inc (The
Netherlands). Clones with the correct sequence (Appendix 1) were selected for larger

scale expression and subsequent assays.

2.2.10 Expression and purification of nanobodies

An overnight-grown culture containing the VHH of interest was diluted to 1:100 in
SB medium with ampicillin (100 mg/L), which was then grown at 37°C, 220 rpm, until
reaching an OD between 0.7 and 0.9, at 600 nm. Protein expression was induced with 1
mM of IPTG, for 16 h, 140 rpm. The culture was then centrifuged, ressuspended in
binding buffer (50 mM phosphate buffer, 300 mM NaCl, 40 mM imidazole, pH 7.0) with
complete, EDTA-free protease inhibitor cocktail and sonicated (20 min per liter of culture,
pulsed), keeping the tubes on ice. After sonication and centrifugation (10,000 x g, 45
min, 4°C), protein was purified from the soluble fraction by affinity chromatography using
HiTrap Chelating HP columns, eluted in 300 mM imidazole at a flow rate of 1 ml/min
using a peristaltic pump P-1 (GE Healthcare, UK). At each step of the purification, a
fraction of the eluted solution was recovered for SDS-PAGE analysis, in order to assess

protein purity. Parental VHH, which was also used in the subsequent assays, was
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purified with a buffer of 50 mM HEPES, 1 M NaCl, 5 mM CaCl2, pH 7.5, as described by
Morais et al.1®3

After confirmation of protein purity in Coomassie-stained SDS-PAGE gel (15%
(w/v) polyacrylamide), protein was desalted by gel chromatography (using PD-10
desalting columns, GE Healthcare, UK) and concentrated by centrifugal filtration
(Amicon Ultra-4 Centrifugal Filter Unit with Ultracel-10 membrane, Merck Millipore, USA).

Protein purity and integrity was confirmed by SDS-PAGE followed by Coomassie
staining. Proteins were quantified using by Bradford assay and using NanoDrop 1000

spectrophotometer (ThermoScientific, USA).

2.2.11 SDS-PAGE electrophoresis and Coomassie staining

SDS-PAGE electrophoresis was performed as described in section 2.2.7, but using
1 mm 15% (w/v) polyacrilamide gels. After protein separation, the gel was incubated with
a staining solution of 0.1% w/v Coomassie blue brilliant G (Sigma, USA), 25% vi/v
methanol, 5% v/v acetic acid. The staining solution was then removed, a washing step
with distilled water was performed and the gel destained with a solution of 20% (v/v)
methanol and 20% (v/v) acetic acid, at room temperature, in a shaker with gentle rotation.

The destaining procedure was repeated until background staining was removed.

2.2.12 Nanobody binding to human nucleolin and human TNF-a

Ninety-six-well (Corning Costar, USA) were coated with 100 ng of human nucleolin

or 200 ng of human TNF-a in carbonate buffer (50 mM sodium carbonate buffer, pH 9.6),
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at 4°C, overnight. Nonspecific binding sites were then blocked with 3% (w/v) BSA in PBS
for 1 h, 37°C, washed once with PBS and incubated with 120 pmol of each nanobody
(diluted in 1% (w/v) BSA in PBS) for 1 h, at 37°C. After five washing steps, 100 pl of anti-
HA-peroxidase antibody (clone 3F10, Roche, diluted 1:1000 in 1% w/v BSA in PBS) was
added and incubated for 1 h at 37°C. Following five additional washing steps, 100 pl of
0.06% (v/v) of H202in 0.4 mM ABTS (Merck Millipore, USA) solution were added to the
wells. Absorbance (405 nm/495 nm) was measured after 5-15 min on Model 680

microplate reader (Bio-Rad, USA).

2.2.13 Nanobody binding to cancer and endothelial cells

One hundred thousand cancer or endothelial cells, previously treated with
dissociation buffer (Merck Millipore, USA), were incubated with 10, 100 or 1000 nM of
VHH proteins, for 45 min at 4°C. Upon washing, a second incubation with anti-HA-FITC
antibody (Y-11 sc-805, Santa Cruz Biotechnology, USA), at room temperature for 30 min
was performed. Cells were again washed and then fixed and analyzed by flow cytometry.

To confirm the involvement of surface nucleolin and TNF-a in binding of the
nanobodies, competitive inhibition assays were performed. Cells were pre-incubated
with 75 uM of F3 peptide or 1 uM of infliximab, at 4°C for 30 min, followed by incubation
with 1000 nM VHH fragments, at 4°C for 45 min.

Sample acquisition and analysis were performed using Guava easyCyte 5HT and

the InCyte software module (Merck Millipore, USA).
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2.2.14 Nanobody cytotoxicity against cancer and endothelial cells

Different cell densities of cancer or endothelial cell lines were seeded in 96-well
plates (5000 MDA-MB-435S or MDA-MB-231 cells, 3000 4T1 cells or 7500 HMEC-1
cells, per well). After 24 h, cell culture medium was exchanged for fresh one, and cells
were incubated with serial dilutions of VHH proteins (from 0.5 to 8 uM, each condition
performed in duplicate) for a total of 72 h. Cell viability was then determined with 3-(4,5-
Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) assay'®*. Following
removal of cell culture medium, cells were washed with PBS and further incubated with
0.5 mg/ml MTT solution in cell culture medium without serum for up to 4 h at 37°C, in a
humidified atmosphere of 5% CO.. Following removal of the MTT solution, the resulting
crystals were solubilized with 100 pl of DMSO. Absorbance at 595 nm was then
measured in a microplate reader (Model 680, Bio-Rad, USA). Percentage of cell viability

was calculated as following:

o ODuntreated cells — ODtreated cells
% cell viability = ODuntreated cells x100

2.2.15 Statistical analysis

Analysis of variance (one-way ANOVA) was performed to analyze differences
among the proteins in terms of binding and cytotoxicity. Post hoc analysis was carried
out using Tukey test. In the competition binding assay, differences between binding
without pre-incubation and with pre-incubation (with F3 peptide or infliximab) were

analyzed by Student’s t-test. Analyses were performed with a level of significance of 5%.
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2.3 RESULTS

2.3.1 Anti-nucleolin nanobody expression and purification

Four anti-nucleolin nanobodies were developed upon grafting a F3 peptide-derived
10-amino acid sequence, onto either CDR1 or CDR3 of a parental anti-human TNF-a
VHH, with or without flanking linkers (SGGGS) at each end of the grafted CDR. The
incorporation of these flanking linkers aimed at conferring higher conformational flexibility
to the CDR loop, thus improving antigen binding and recognition®>1¢, For each of the
generated constructs, some clones were selected to evaluate protein expression (by
ELISA) and integrity (by Western Blot), as exemplified in Figure 2.2 for three clones
grafted onto CDR1 (aNCL-CDR1-L) or two clones grafted onto CDR3 (aNCL-CDR3),
with or without linkers, respectively. Clones 1 and 3 of aNCL-CDR1-L and clone 2 of
aNCL-CDR3 presented an OD at 495 nm (ODaosia95) higher than 1 (Figure 2.2A) and an
expected molecular weight of approximately 18 kDa (Figure 2.2B). The same evaluation
was performed for the other two constructs (aNCL-CDR1 and aNCL-CDR3-L). Only the
clones presenting high levels of expression and the correct DNA sequence were further

expressed.
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Figure 2.2 Selection of clones for nanobody expression. Expression of nanobodies was
evaluated for several clones of each construct by (A) ELISA and (B) Western Blot, using the
soluble fractions obtained after a small-scale protein expression test, as exemplified in the figure
for three clones grafted onto CDR1 (aNCL-CDR1-L) or two clones grafted onto CDR3 (aNCL-
CDR3), with or without linkers, respectively. A clone already known to express a VHH, either with
(+) or without (-) induction of expression with IPTG, was used as a positive or negative control,
respectively. Arrows in (A), indicate the clones selected for Western Blot analyses.

Expression conditions were optimized for the new generated nanobodies upon
assessment by SDS-PAGE, followed by Coomassie staining, as exemplified in Figure
2.3 for aNCL-CDR1-L VHH and aNCL-CDR3-L VHH, expressed at 16°C and 20°C. For
both nanobodies, expression at 16°C resulted in the highest expression of protein in the
soluble form (Figure 2.3A), along with low levels of insoluble protein (Figure 2.3B). Thus,

this temperature was therefore used for further protein expression.

56



Chapter 2

A
Parental VHH gnGL aNCL aNCL  aNCL
CDR1-L CDR3-L  CDR1-L CDR3-L
+ - 20°C 20°C 16°C 16°C

B
aNCL  aNCL aNCL  aNCL
P
Parental  CDR1L CDR3L CDRI-L CDR3L ' yrpy
+ 16°C  16°C 20°C  20°C i

25 kDa

-
15 kDa —|

Figure 2.3 Optimization of temperature conditions for nanobody expression.
Representative images of the Coomassie-stained SDS-PAGE gels of samples from (A) soluble
and (B) insoluble fractions after expression of aNCL-CDR1-L VHH and aNCL-CDR3-L VHH
nanobodies, at 16 °C and 20 °C, are presented. As a control, expression of the parental VHH was
also performed at 20°C, either with (+) or without (-) induction with IPTG. Arrows indicate the

bands corresponding to the nanobodies.

Purification conditions of the nanobodies were also optimized, namely regarding
the imidazole concentration in the washing buffer. In this respect, two sequential washing
steps were performed, first with 200 mM and then with 120 mM imidazole, with the aim
to efficiently remove contaminating proteins, as exemplified in Figure 2.4A (bands
corresponding to the nanobodies indicated by the arrows). The washing step with 100

mM imidazole enabled only partial removal of the contaminants (Figure 2.4A, lanes 3),
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as these were also present in the second washing fraction (Figure 2.4A, lanes 4).
However, elution of the nanobodies after this second washing step, enabled a fraction
with high purity (Figure 2.4A, lanes 5). Although the washing steps with 100 or 120 mM
imidazole led to some loss of the nanobodies (Figure 2.4A, lanes 3 and 4), the highest

concentration of imidazole was selected for purification, as it enabled the production of

highly pure nanobodies (Figure 2.4B).

25 kDa—

| 15kDa

Figure 2.4. Optimization of imidazole concentration for nanobody purification.
Representative images of Coomassie-stained SGS-PAGE gels, of fractions collected during
protein purification. (A) Fractions resulting from the purification of two proteins for optimization of
the conditions (aNCL-CDR1 VHH and aNCL-CDR3 VHH): soluble fraction (1), insoluble fraction
(2), washing step with 100 mM imidazole (3) or 120 mM imidazole (4) and eluted fraction (5). (B)
Representative gel of the fractions obtained from nanobody purification with the optimized
protocol: soluble fraction (1), insoluble fraction (2), eluent from soluble fraction (3), washing step

(4) and eluted protein (5). Arrows indicate the bands corresponding to the nanobodies.

Temperature of expression and purification yields for each nanobody are
summarized in Table 2.1. aNCL-CDR1 VHH and aNCL-CDR1-L VHH were produced in
lower amounts when compared to aNCL-CDR3 VHH and aNCL-CDR3-L VHH, with
approximately 50% yield. Both the expression conditions and purification yields were
different from the ones of the parental VHH, which was obtained with 8- or 4-fold

increased yield when compared with CDR1- and CDR3-grafted VHHS, respectively.
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Table 2.1. Temperature of expression and purification yields of the generated

nanobodies.
aNCL-CDR1 18.3 16 5
aNCL-CDR1-L 19.0 16 5
aNCL-CDR3 18.2 16 10
aNCL-CDR3-L 19.0 16 10
Parental VHH 18.8 20 40

2.3.2 Anti-nucleolin nanobody binding to human nucleolin and human TNF-
a

All the new generated anti-nucleolin VHH fragments bound to nucleolin, regardless
of the CDR grafted, with the aNCL-CDR3 VHH and aNCL-CDR3-L VHH presenting the
highest extent. The nucleolin-binding VHHs grafted onto CDR1 or CDR3 presented a 2-
or 3-fold increased binding to nucleolin, respectively, relative to the parental VHH,
without the F3 peptide-derived sequence. This supported the involvement of the F3
peptide-derived sequence on the observed binding of the anti-nucleolin VHH constructs
(Figure 2.5A).

The anti-nucleolin VHHs presented an extent of binding to human TNF-a, which
was approximately 40% lower than the one observed for the parental VHH (Figure 2.5B).
The binding of the parental VHH to human TNF-a was justified by a grafting strategy to
generate the anti-nucleolin nanobodies that relied on a parental VHH that had been
developed against human TNF-a. This result suggested that bispecific properties can be

achieved in the same VHH with two specific CDRs.
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Figure 2.5. Binding of different nanobody constructs to human nucleolin and human TNF-
a. Binding of nanobodies grafted with a nucleolin-binding peptide sequence, either onto CDRL1 or
CDR3, with or without flanking linkers, at the end of the grafted CDR, and the corresponding
parental VHH to (A) human nucleolin and (B) human TNF-a, following 1 h incubation at 37°C.

Results are from a representative experiment.

2.3.3 Anti-nucleolin nanobody binding to cancer and endothelial cells

The binding capacity of anti-nucleolin nanobodies was further assessed with
cancer cells (MDA-MB-435S, MDA-MB-231 and 4T1)*51¢7 and a model of angiogenic
endothelial cells (HMEC-1)%, In terms of TNF-a expression at the cell surface, MDA-
MB-231 cells have been reported to present high levels of the membrane proteint®:,

As nucleolin mediates internalization of several ligands in an energy-dependent
mechanism?’, incubation of the cells with the nanobodies was performed at 4°C, a non-

internalizing condition, thus enabling the HA tag detection by the anti-HA-FITC antibody

through flow cytometry.
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For all cell lines, a concentration-dependent binding of all constructs was observed
(Figures 2.6A-2.6D). In the case of MDA-MB-435S cells, a significant difference on the
binding, at 100 nM, of aNCL-CDR3 (p<0.01) or aNCL-CDR3-L (p<0.001) relative to
aNCL-CDR1 and aNCL-CDR1-L or to the parental VHH (p<0.001), was observed. This
trend, favoring a higher binding extent of the construct grafted onto CDR3, relative to
CDR1, was further confirmed at 1000 nM of incubated protein (p<0.001). At this protein
concentration, a significant difference between the binding of a-NCL-CDR1 VHH or a-
NCL-CDR1-L VHH and the parental VHH (p<0.001) was also observed. At the highest
concentration tested, CDR1- and CDR3-grafted VHHs bound a percentage of cells of
approximately 40% and 80%, respectively, whereas the parental VHH bound to less than
10% of the cells (Figure 2.6A).

The profile of binding of anti-nucleolin VHH constructs to 4T1 mouse cancer cell
line, relative to the parental VHH (p<0.01 for CDR3-grafted VHHs, at 100 nM and
p<0.001 for all anti-nucleolin VHHSs, at 1000 nM), was similar to the one reported for
MDA-MB-435S (Figure 2.6B). The difference in terms of binding arising from peptide
grafting either onto CDR1 or CDR3, was not so evident as for MDA-MB-435S and a
decrease on the overall extent of binding of anti-nucleolin VHH was observed, of up to
4-fold, depending on the protein concentration.

In the MDA-MB-231 cell line, a similar concentration-dependent binding was
observed for both anti-nucleolin VHHs and parental VHH, with 20-30% of the cells being
targeted by the incubated nanobodies, at the highest concentration tested. The extent of
binding was higher for aNCL-CDR3 VHH and aNCL-CDR3-L VHH relative to aNCL-
CDR1 VHH and aoNCL-CDR1-L VHH, but a statistical difference was not observed
(Figure 2.6C).

The binding profile with the angiogenic HMEC-1 endothelial cells was similar to the
one generated with the MDA-MB-231 cells. For the highest nanobody concentration

tested, the extent of binding of parental VHH was lower than the one of anti-nucleolin
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nanobodies (Figure 2.6D). For all tested cell lines, the presence of SGGGS sequences
flanking the F3 peptide-derived sequence did not alter the anti-nucleolin VHHs binding.

Competition assays were further performed, by pre-incubating the cells with either
F3 peptide or infliximab, to confirm that the binding previously observed was either
nucleolin- or TNF-a-mediated, respectively. Pre-incubation of each one of the previous
cell lines tested with the F3 peptide, reduced the extent of binding of the anti-nucleolin
VHHs of at least 50% in MDA-MB-435S, MDA-MB-231 and 4T1 cells (Figures 2.6E-
2.6G). The extent of binding reduction of aNCL-CDR3 VHH and aNCL-CDR3-L VHH
with MDA-MD-435S cells, was higher than the one observed with pre-incubation with
infliximab (Figure 2.6E). With the MDA-MB-231 cells, competitive inhibition with
infliximab resulted in a reduction of binding for all anti-nucleolin VHHS, in similar levels
to the ones observed when competitive inhibition was performed with the F3 peptide
(Figure 2.6G). In contrast, binding of anti-nucleolin VHHSs to 4T1 cells was not altered in
the presence of infliximab (Figure 2.6F). In HMEC-1 cells no significant differences were
observed, although there was a general decrease in binding for all the constructs upon
pre-incubation with either F3 peptide or infliximab (Figure 2.6H).

Overall, these results suggested that binding of the novel anti-nucleolin VHHs was
nucleolin-mediated, for all the cell lines tested. While in the 4T1 cells, binding was
exclusively mediated by nucleolin, in the other cells lines (especially in MDA-MB-231)
the involvement of TNF-a was also suggested, pointing out their capacity to act as

bispecific constructs against tmTNF-a-expressing cells.

2.3.4 Cytotoxicity of anti-nucleolin nanobodies against cancer and

endothelial cells

The cytotoxicity of the developed nucleolin-binding nanobodies was further

assessed against the previously used cancer and angiogenic endothelial cells.
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Figure 2.6. Binding of different nanobody constructs to cancer and endothelial cells. One
hundred thousand of (A) MDA-MB-435S, (B) 4T1, (C) MDA-MB-231 or (D) HMEC-1 cell lines
were incubated with nanobodies grafted with a nucleolin-binding peptide sequence either onto
CDR1 or CDR3, with or without flanking linkers at the end of the grafted CDR, for 45 min at
4°C.The corresponding parental VHH was also included. Binding was assessed with a final
incubation with anti-HA-FITC antibody and further assessment by flow cytometry. Competitive
inhibition assays were also performed for each cell line (E-H), upon pre-incubation of the cells
with 75 pM F3 peptide (grey bars) or 1 pM infliximab (white bars), for 30 min at 4°C. A control
without competitive inhibition was included. Data represent the mean + SD of three independent
experiments, performed in duplicate. Differences in binding among the nanobodies tested were
evaluated by one-way ANOVA followed by Tukey’s test. Differences in binding, with or without
pre-incubation with F3 peptide/infliximab, were evaluated by Student’s t-test (* p<0.05, ** p<0.01,
*** n<0.001).
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All anti-nucleolin VHH fragments presented cytotoxic effects in the micromolar
range against all the cancer cells tested, in a concentration-dependent manner (Figure
2.7).

In the case of MDA-MB-435S cells, differences relative to the parental VHH
became evident at 4 pM, with cell viability reduced to 60% (p<0.001 for aNCL-CDR1;
p<0.01 for aNCL-CDR1-L) or 30% (p<0.001) by the proteins grafted onto CDR1 or
CDR3, respectively (corresponding to 1.5- or 2.5-fold decrease of cell viability,
respectively). CDR3-grafted proteins presented a 2-fold decreased of cell viability
compared to CDR1-grated proteins (p<0.001). At 8 uM, differences of activity among
anti-nucleolin VHH fragments were dissipated, resulting in less than 20% of viable cells
and reaching a 1.5-fold decrease of cell viability relative to the parental VHH (p<0.001),
(Figure 2.7A).

The extent of decrease of cell viability achieved with aNCL-CDR3 VHH and aNCL-
CDR3-L VHH against 4T1 cancer cells, was similar to the one observed against the
MDA-MB-435S cells, throughout the concentrations tested (at 4 uM, p<0.05 and p<0.01
for aNCL-CDR3 and aNCL-CDR3-L, respectively, and at 8 uM, p<0.001 for all anti-
nucleolin VHHSs, relative to the parental VHH). Results suggested, once again, that
grafting onto CDR3 improved the cytotoxicity efficacy (decrease of cell viability) of anti-
nucleolin VHHs. However, parental VHH did not affect the cell viability of 4T1 cells
(Figure 2.7B), in contrast with the decrease of cell viability down to 45% observed with
MDA-MB-435S cancer cells.

Improved cytotoxicity against MDA-MB-231 cancer cells was only evident for
aNCL-CDR3 VHH and aNCL-CDR3-L VHH, as compared with aNCL-CDR1 VHH and
oNCL-CDR1-L VHH or the parental VHH, throughout the range between 4 (p<0.05,
compared to CDR1-grafted VHHs) and 8 uM (p<0.01 or p<0.001, respectively, compared
to aNCL-CDR1 VHH; p<0.001 compared to aNCL-CDR1-L VHH; p<0.01 or p<0.001,
respectively, compared to parental VHH). CDR1- and CDR3-grafted anti-nucleolin

VHHSs presented a decrease of cell viability that was 60% and 40% (at 4 uM) or 55% and
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Figure 2.7. Cytotoxicity of different nanobodies against cancer or endothelial cells.
Different nanobodies constructs, grafted with a nucleolin-binding peptide sequence either onto
CDR1 or CDR3, with or without flanking linkers at the end of the grafted CDR, were incubated
with cells, either neoplastic, as (A) MDA-MB-435S, (B) 4T1 and (C) MDA-MB-231 or the (D)
angiogenic endothelial HMEC-1 cells, at concentrations up to 8 uM, for 72 h. The parental VHH,
without the targeting component to nucleolin, was included as a control. In the end of the
incubation, cytotoxicity was assessed by the MTT assay. Data represent the mean + SD of at
least three independent experiments, performed in duplicate. Differences in cytotoxicity among
the tested nanobodies were evaluated by one-way ANOVA followed by Tukey’s test (* p<0.05, **
p<0.01, *** p<0.001).

20% (at 8 uM) lower, respectively, than the one observed against MDA-MB-435S cancer
cells. Parental VHH also reduced cell viability, down to 60% (Figure 2.7C).

In HMEC-1 cells, aNCL-CDR3 VHH and aoNCL-CDR3-L VHH resulted in cell
viability values of approximately 50% at 4 uM, corresponding to a 2.6- (p<0.01) and a
2.2-fold (p<0.05) decrease of cell viability, respectively, compared to the parental VHH.
At this concentration, aNCL-CDR3 VHH also presented a 1.7-fold decrease of cell
viability when compared to aNCL-CDR1-L VHH (p<0.05). At 8 uM, aNCL-CDR1 VHH
also presented higher cytotoxicity than parental VHH, with a 1.4-fold decreased cell
viability (p<0.05), whereas aNCL-CDR3 VHH and aNCL-CDR3-L VHH decreased cell
viability down to approximately 70%, corresponding to a 1.7-fold decrease of cell viability
(p<0.001 and p<0.01, respectively) relative to the parental VHH. Higher cytotoxicity of
aNCL-CDR3 VHH compared to aNCL-CDR1-L VHH (p<0.01) was also observed at this
concentration. In this cell line, parental VHH resulted in a 40% decrease of viable cells,

for the highest concentration tested (Figure 2.7D).

2.4 DISCUSSION

Since the discovery of HCabs in 1993, nanobodies have been a focus of cancer

research, due to their small size, versatility and therapeutic potential. Nanobodies have
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been developed against cell surface receptors, such as EGFR%129131  HER216° or
VEGF'*, as well as novel targets involved in tumor development and progression, as
CEACAMG6®* or HGF'*, Another emerging area in antibody engineering is the
development of bispecific antibodies, with the ability to bind two different targets, aiming
at improving tumor growth inhibition'*3. In the work presented in this chapter, nanobodies
have been developed against nucleolin, whose overexpression at the surface of cancer
and endothelial cells from tumor blood vessels, makes it a promising target for cancer
therapy.

The most common strategies to develop an antibody or an antibody fragment
against a specific target encompass: (i) immunization of the animal model used for
antibody generation, followed by spleen cell harvesting and antibody recovery, and (i)
generation of a library and selection of binders by display technologies (most frequently,
phage display). However, when binders have already been described for the target of
interest, an alternative strategy that bypasses these time-consuming steps is the grafting
of a known binding sequence onto the CDRs!’®1! as far as it is compatible with the size
of the CDR. CDR1, and especially CDR3, are the most important domains on antigen
binding®*1%. In VHHs, CDR1 usually has a length of 5-9 residues, whereas CDR3 usually
comprises 16 amino acids!’2. Therefore, this alternative strategy can only be used when
previously described binding motifs are of peptidic nature, with a molecular size that fits
the CDR loops.

In the present work, a grafting strategy based on the nucleolin-binding F3 peptide
was pursued. The F3 peptide had been previously generated by phage-display!”® and
further demonstrated promising in vivo tumor targeting capabilities*®°, This suggested
that nanobodies derived from this sequence were likely to present high extent of binding
capacity to nucleolin and be equally relevant for tumor targeting. Due to its long length
(31 amino acids), grafting was performed using a 10-amino acid sequence that had been
proven responsible for the major component of nucleolin binding'”®. No other studies

have reported the use of this smaller sequence alone for grafting onto antibody formats.
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In fact, grafting of the PQRRSARLSA sequence, corresponding to the nucleolin
binding motif of the F3 peptide, either onto CDR1 or CDR3 has proven to generate
nanobodies with the ability to bind nucleolin, as demonstrated with purified nucleolin or
cancer and endothelial cells. Competitive inhibition assays with the F3 peptide confirmed
the nanobody binding to the cells was nucleolin-mediated, particularly in the case of the
cancer cell lines tested. The anti-nucleolin nanobodies presented the highest extent of
binding to MDA-MB-435S cells, followed by MDA-MB-231 and HMEC-1 cells. This was
consistent with the reported higher association of F3 peptide targeted-liposomes to MDA-
MB-435S cells relative to the two other cell lines*®1%” and with recent data reporting
102000 and 57000 nucleolin molecules at the surface of MDA-MB-435S and MDA-MB-
231, respectively (JN Moreira, personal communication). The binding studies, along with
the cytotoxicity experiments have further supported that the modification onto CDR3
enabled a higher extent of activity relative to the exact same grafting, onto CDR1. This
was in agreement with the reports showing that CDR3 usually plays a more important
role in antigen binding, than other CDRs**'%, Binding of the anti-nucleolin nanobodies
to 4T1 confirmed that these entities also bound to mouse nucleolin, which is line with the
81% homology of the protein between these two species!’. This is somehow in contrast
with the ability of D3 antibody to bind to human nucleolin, but not the one from mouse
origin'’, Binding to an epitope in a less conserved region of the protein could support
the difference in binding, between the two species. The slightly lower binding of the anti-
nucleolin nanobodies to 4T1 relative to MDA-MB-231 is in accordance with the difference
in the number of surface nucleolin molecules (45000 and 57000, respectively; JN
Moreira, personal communication).

Of notice is the fact that the reported activity did not depend on loops with
increased flexibility, as enabled by SGGGS linkers inserted at the end of CDRs65:16¢,
This is in contrast with the activity of HCabs (camelid antibodies with VHH domains
instead of the common VH-VL binding domains), where the longer and more flexible

CDR3 loop of HCabs, favors the access to clefts, characteristic of enzymes’ active site
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(usually not accessible to conventional antibodies)!’®18. The results herein presented
suggested that the epitope recognized by the developed anti-nucleolin nanobodies was
easily accessed, not requiring a longer or more flexible loop.

As previously explained, the anti-nucleolin VHHs were developed from a parental
anti-human TNF-a VHH. Interestingly, the ungrafted CDRs, within the constructs
modified with the nucleolin-binding motifs, retained the binding capacity to the original
human TNF-a. Expectedly, the extent of binding was decreased relative to the parental
VHH with two anti-TNF-a binding regions. In this respect, its binding to MDA-MB-231
cells (and further decrease of cell viability, as well) was in accordance with the reported
overexpression of tmTNF-a on these cells'®t. The absence of binding to mouse 4T1 cells
was in agreement with the parental VHH lack of cross-reactivity with TNF-a mouse
counterpart’.

The anti-nucleolin nanobodies here developed also presented cytotoxicity against
the cancer cell lines tested, as well as the HMEC-1 endothelial cells, in the micromolar
range. When compared to the cytotoxic effects that had been reported for other
nucleolin-binding agents, the anti-nucleolin nanobodies here generated presented
similar effects to most of them. The AS1411 aptamer and the HB-19 and N6L
pseudopeptides have been reported to decrease cell viability or colony formation in the
micromolar range in a variety of cell lines, including cancer cell lines, such as MDA-MB-
231 and MDA-MB-435%7981 Thjs effect was, however, of a lower extent than the one
observed with the anti-nucleolin scFv 4LB5, which presented ICso values in the
nanomolar range (3-58 nM)®’. Such level of cytotoxicity enabled by the scFv could rely
on the presence of two binding domains, VH and VL, which could contribute to a more
potent cytotoxic effect. In this respect, strategies to increase the cytotoxicity of the anti-
nucleolin VHHs could be used, either through engineering a VHHs in a multivalent format
(as it will be described in Chapter 3) or grafting the F3 peptide-derived sequence onto

more than one CDR.
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The fact that the new generated nanobodies bound not only to nucleolin but also
to TNF-a confirmed the successful generation of bispecific nanobodies from a single
VHH. The developed strategy, which conferred different targeting capabilities to different
CDRs, has not been reported yet and could be used to generate bispecific nanobodies
against different target combinations. This new class of bispecific hanobodies retained
a molecular weight smaller than regular bispecific antibodies, currently in clinical trials
for the treatment of solid tumors, such as, RG7221 (targeting angiopoietin 2 and VEGF)
or MM141 (targeting IGF1R and HER3)42143, The referred advantage also applies upon
comparison with bispecific antibody fragments, like AFM13 (targeting CD30 and
CD16A), MM111 (targeting HER2 and HERS3, fused to modified serum albumin) or
ALX0761 (targeting IL17A and IL17F). These last three are being tested for the
treatment of Hodgkin lymphoma, advanced gastric and esophageal cancer and
inflammatory diseases, respectively42143180,

Although the focus of this work has been on the development and characterization
of anti-nucleolin VHHs in the context of cancer therapy, this antibody format also has
applicability for diagnostic applications, such as imaging, as described for the bispecific
nanobodies, and immunohistochemistry. Nanobodies have been show to often be more
effective than full-length antibodies for immunohistochemistry applications, as they
present better diffusion in fixed tissues!®182,

When considering the VHHs as a platform for generating other entities, several
strategies could be explored to further develop their effectiveness, from incorporation on
the surface of nanoparticles, to conjugation to toxins and multimerization, as performed
for other nanobodies!?8132:152.153,

Collectively, the results presented in this chapter validated the use of a F3 peptide-
based grafting onto the CDRs of a nanobody to generate nucleolin-binding nanobodies,
which bind cancer cells and angiogenic endothelial cells, and further enable cytotoxic
effects on their own. In addition, the results supported the development of a bispecific

construct from a single VHH, a strategy that could be applied to any other target, by
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altering the CDR specificity. Such strategy could be particularly useful to improve

penetration into solid tumors and therefore the pharmacodynamic outcome?8?,
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3.1 INTRODUCTION

The efficacy of an antibody in cancer therapy is determined by several factors,
ranging from its biodistribution and access to the tumor, to its antitumor activity and
underlying mechanism of action!19184185 Advances on antibody engineering, namely at
the level of antibody molecular size and serum half-life!'®1 have enabled
improvements on its biodistribution profilg!20:130.187,

The biodistribution of an antibody can be largely affected by its rate of blood
clearance, which is mainly dependent on kidney filtration!®, The extent of clearance
associated with this component is significantly decreased for therapeutic agents, as (150
kDa) full-length 1gGs, with a molecular weight above the renal filtration threshold (of
approximately 50 kDa)*?°. The downside of a high molecular weight (100 kDa upward)
relates with the impaired tumor penetration, limiting the access to the tumor periphery.
Therefore, a molecular weight between 50 kDa and 100 kDa is a good balance aiming
at improving the antibody bioavailability in the tumor®. Accordingly, this has been
demonstrated in mouse models, where 80 kDa antibody formats presented higher
tumor/blood ratio than full-length IgG (150 kDa), a scFv (28 kDa) or a diabody (55 kDa).
In fact, scFv and diabody formats presented undetectable levels in the tumor and blood,
72 h after intravenous administration. In an independent experiment, using antibody
formats against a different antigen, the 80 kDa construct presented a higher tumor
accumulation than full-length 1gG and a Fab’2 fragment (fusion of two Fab fragments,
110 kDa)'2°,

The Fc domain of an antibody is the main responsible for its increased half-life in
the blood, as it binds to FcRn, enabling antibody transport within and across cells and
avoiding degradation?®, In fact, 1 h after intravenous administration of three formats of
anti-EGFR antibodies, without the Fc domain, as a 16 kDa single domain, a 126 kDa

multimeric pentabody or a 80 kDa chimeric HCab, a high extent kidney accumulation
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was observed, namely for the first two formats, along with low tumor accumulation. The
presence of a Fc domain in the chimeric HCab, which led to a significant increase of
blood half-life and tumor accumulation, while decreasing the rate of kidney clearance®.
The presence of the Fc region may also impact the outcome of the antibody therapy, as
it might enable immune responses, as antibody-dependent cell-mediated cytotoxicity
(ADCC). This mechanism of action has supported the activity of trastuzumab, cetuximab
or rituximab!12113.116.117.189 and other surface targets on cancer cells have been explored
to enable a similar effect 137:190.191,

Overall, the choice of an adequate format for cancer therapy is of extreme
importance, as it impacts the pharmacokinetics and pharmacodynamics of the antibody.

As described in the previous chapter, nucleolin-binding nanobodies have been
developed and presented cytotoxic effects against several cancer cell lines, as well as
an angiogenic endothelial cell line. Taking into account that the small size of nanobodies
strongly limits their therapeutic efficacy, the work presented in this chapter aimed at
developing a nanobody-Fc fusion protein targeting nucleolin. This type of construct is
expected to enable a protein of approximately 80 kDa, likely to favor tumor penetration,
and capable of triggering an ADCC effect. This is particular relevant as that this kind of

response has not been reported yet in the context of nucleolin targeting.

3.2 MATERIALS AND METHODS

3.2.1 Cell lines

MDA-MB-435S, MDA-MB-231, 4T1 and HMEC-1 cell lines were maintained as

described in section 2.2.12.
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HEK293T cell line (ATCC® CRL-3216™, USA) was cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM, Lonza, Switzerland), supplemented with 10% (v/v) heat-
inactivated FBS (HyClone, USA), 2 mM of L-glutamine (Lonza, Switzerland), 1% (v/v)
Pen/Strep/Fungiezone solution (HyClone, USA), and maintained at 37°C in a humidified

atmosphere of 5% COs.

3.2.2 Development of an anti-nucleolin nanobody-Fc antibody

An anti-nucleolin nanobody-Fc antibody (aNCL-VHH-Fc) was generated by
inserting the nanobody sequence of aNCL-CDR3 VHH in a pFuse-hlgG1-Fc2 plasmid
(Figure 3.1; DNA and protein sequences are presented in Appendix, Figure 1). The
pFuse-hlgG1-Fc2 vector contains not only the CH2 and CH3 domains, but also the hinge
region, which confers flexibility to the antibody. In addition, this vector contains an
interleukin 2 (IL2) signal sequence, which leads to the secretion of the expressed protein.
The parental VHH, used in chapter 2 for the grafting of the F3 peptide-derived sequence,
was also cloned in fusion to a Fc region (parental VHH-Fc).

To obtain these two nanobody-Fc antibodies, each nanobody sequence was first
amplified by PCR, using Phusion DNA Polymerase (Thermo Scientific, USA; conditions
and primers indicated in Appendix, Tables 1 and 3). PCR products were visualized on
1.5% (w/v) agarose gel and recovered as described in section 2.2.2. These PCR
products were then inserted onto pFuse-hlgG1-Fc2 vector, using the enzymes Ncol and
Bglll, and performing ligation as previously described in section 2.2.2.

Colony screening, preparation of electrocompetent cells and sequencing were
performed as described in sections 2.2.4, 2.2.5 and 2.2.9, but instead of ampicillin, the
resistance marker of the pFuse-hlgG1-Fc2 vector, zeocin (25 pg/mL, Invivogen, France),

was used.
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Figure 3.1. Schematic representation of the VHH/nanobody-Fc cloning. (A) Primers used in
the PCR reactions and restriction sites of the enzymes used to generate the VHH fragment for
cloning. (B) VHH fragment cloned onto the pFuse-hlgG1-Fc2 vector, containing the IL2 signaling

sequence and the Fc region.

3.2.3 Expression and purification of nanobody-Fc fusion proteins

HEK293T cells were used as the expression system for the nanobody-Fc fusion
proteins!®2, using the calcium phosphate transfection method?*®3%4, Briefly, 3 million cells
were seeded in a 10-cm tissue culture dish and after 24 h, cells were transfected with 20
g of DNA, for 6 h. Cell culture medium was then exchanged for fresh one, without
serum. After 48-60 h, supernatant was recovered, sterile filtered (at 0.2 um pore size),
and diluted (1:1, v/v) in binding buffer (100 mM sodium phosphate, 150 mM sodium
chloride, pH 7.2). Protein purification was performed by affinity chromatography using
Pierce Chromatography Cartridges Protein A columns (Thermo Scientific, USA),
attached to a peristaltic pump (GE Healthcare, UK), upon elution at 4°C with 0.1 M

glycine, pH 2.0, at a flow rate of 1 mL/min. Half milliliter fractions were collected into
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tubes containing 0.05 ml of neutralization buffer (1M Tris, pH 8.0) to immediately
neutralize the pH and thus prevent protein degradation.

After confirmation of the presence of pure protein in Coomassie-stained SDS-
PAGE gels (1 mm, 12% (w/v) polyacrylamide), protein desalting was performed using
disposable PD-10 columns (GE Healthcare, UK). The protein was then concentrated
(Vivaspin 500, 50 kDa cutoff, GE Healhcare, UK) and stored in 20 mM HEPES, 100 mM
NacCl, 5% (v/v) glycerol, pH 8.0.

SDS-PAGE, Western Blot and coomassie staining were performed as described
in sections 2.2.8 and 2.2.11, using 12% (w/v) polyacrilamide gels and goat anti-human
IgG-HRP antibody (sc-2907, Santa Cruz Biotechnology, USA, diluted at 1:5000 in

blocking buffer).

3.2.4 Nanobody-Fc cytotoxicity against cancer and endothelial cells

Different cell densities of cancer or endothelial cell lines were seeded in 96-well
plates (5000 MDA-MB-435S or MDA-MB-231 cells, 3000 4T1 cells or 7500 HMEC-1
cells, per well). After 24 h, cell culture medium was exchanged for fresh one, and cells
were incubated with serial dilutions of VHH proteins (from 31.25 to 1000 nM, each
condition performed in duplicate), for a total of 72 h. Cell viability was then determined

by the MTT assay, as described in section 2.2.14, using the following formula:

L ODcontrol cells — ODcondition
% cell viability = ODcontrol cells x100

79



Development and characterization of a nucleolin-targeting nanobody-Fc antibody

3.2.5 PBMC isolation and culture

Human PBMCs were isolated from buffy coats of healthy donors obtained at
Instituto Portugués do Sangue e da Transplantacao, to be used as effector cells in the
ADCC assays. Isolation was performed by a Ficoll-Pague PLUS density gradient (GE
Healthcare, UK). A 1:1 buffy coat dilution in 1% (v/v) FBS in PBS (FBS-PBS) was placed
on a Ficoll-Paque PLUS layer, and centrifugation was then performed (750 x g, 20 min,
room temperature) to separate the different blood constituents and recover the PBMC
fraction. This fraction was then washed until the pellet was clear (300 x g, 5 min, 4°C)
and finally resuspended in FBS-PBS. PBMCs were then resuspended in RPMI-1640
medium (Lonza, Switzerland), supplemented with 10% (v/v) heat-inactivated FBS
(HyClone, USA), 2 mM of L-glutamine (Lonza, Switzerland), 1% (v/v)
Pen/Strep/Fungiezone solution (HyClone, USA) and placed at 37°C in a humidified
atmosphere of 5% CO,, overnight. After this recovering step, PBMCs were counted and
frozen in freezing medium (10% (v/v) DMSO in FBS) and kept at -80°C. When needed,
PBMCs were thawed and maintained overnight in the same supplemented-RPMI-1640,
at 37°C in a humidified atmosphere of 5% CO., to decrease loss of effector capacity*®.

Only then, they were used in the ADCC assays.

3.2.6 ADCC effect of anti-nucleolin nanobody-Fc fusion protein against

cancercells

To evaluate the ADCC potential of the anti-nucleolin nanobody-Fc fusion protein,
MDA-MB-435S or 4T1 were used as target cells. ADCC was assessed using
XCELLigence Real Time Cell Analyzer (Roche, Switzerland), described in Figure 3.2.

Different target cell densities (7500 MDA-MB-435S cells or 5000 4T1 cells) were plated
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Figure 3.2. Diagram of the antibody-dependent cell-mediated cytotoxicity assessment
using the xCELLigence system. Assessment of cell viability is based on cell adhesion, using
plates with electrode-coated wells that generate an electric current (blue arrows, A) when a low
voltage is applied. As target cells adhere and proliferate, impedance (opposition presented to the
electric current) increases (B-C). Upon incubation with antibodies and effector cells of the
immune system (which are non-adherent and therefore do not affect impedance) (D), target cell
death leads to loss of adhesion and consequently to lower impedance (E). These impedance
alterations are recorded in short intervals and plotted as cell index, which increases proportionally
to adherent cell density.
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on aRTCA 96-well plate for 24 h and then incubated with thawed PBMCs (at 10:1 or 5:1
ratio of effector cells to target cells) and/or nanobody-Fc antibody (at 25 or 125 nM).
Cancer cells incubated only with effector cells or fusion protein were included as
additional controls. Since ADCC is a Fc-dependent mechanism, an additional control
consisted on target cells incubated with the VHH counterpart of the fusion proteins
(aNCL-CDR3 VHH or parental VHH), as well as aNCL-CDR1 VHH or F3 peptide, with or
without PBMCs. As the nanobody-Fc antibodies are dimeric, the VHH proteins and the
F3 peptide were added in a concentration of either 50 or 250 nM.

Cell index was measured every 15 min for 96 h and the resulting curves were
plotted and normalized to 1.0, matching the beginning of the incubation of PBMC with
the different tested proteins and the cancer cells. Data were analyzed with RTCA
Software Package, and cancer cell death, resulting from incubation with both antibody

and PBMCs, was calculated from the area under the curve (AUC) values, as following:

AUC(protein + PBMC) — AUC(protein) — AUC(PBMC) 10
X

0
AUC(untreated cells)

% cell death =

To evaluate the ADCC effect, cell death values obtained with the nanobody-Fc

fusion protein and its nanobody counterpart were compared.

3.2.7 Statistical analysis

Student’s t-test was performed to analyze differences between the cytotoxicity of

the nanobody-Fc antibodies. Repeated measures ANOVA followed by Post hoc analysis

82



Chapter 3

with Tukey test was performed to assess differences in cell death upon incubation with
PBMCs and each of the tested proteins, in the ADCC assay. Analyses were performed

with a level of significance of 5%.

3.3 RESULTS

3.3.1 Expression and purification of anti-nucleolin nanobody-Fc antibody

Herein, a novel nanobody-Fc antibody, formed by an anti-nucleolin nanobody and
a Fc fragment of human IgG1l was expressed (along with the corresponding parental
VHH-Fc) in HEK293T cells and the purity further evaluated by Western Blot. In addition
to the bands corresponding to denatured proteins, of approximately 40 kDa, two
additional bands were detected (Figure 3.3A). These could correspond to degraded
forms of the proteins, of approximately 35 and 25 kDa, due to the presence of proteases
during the purification procedure. Nevertheless, purification followed by concentration
using a Vivaspin with a 50 kDa cutoff, enabled a high-purity fraction containing the
proteins with the highest molecular weight, corresponding to the nanobody-Fc antibodies

(Figure 3.3B).
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Figure 3.3. Expression and purification of anti-nucleolin or parental VHH-Fc antibody. (A)
Expression of anti-nucleolin (aNCL-VHH-Fc) or parental (VHH-Fc) nanobody-Fc fusion proteins
in the supernatant of HEK293T cells (48-60 h after transfection) was evaluated by SDS-PAGE
followed by Western Blot. (B) Representative coomassie-stained SDS-PAGE gels of the purified
fusion proteins, aNCL-VHH-Fc and parental VHH-Fc.

3.3.2 Cytotoxicity of anti-nucleolin nanobody-Fc antibody against cancer and

endothelial cells

The anti-nucleolin nanobody-Fc antibody, aNCL-VHH-Fc, presented cytotoxic
effects within the nanomolar range (Figure 3.4A-D). For all cell lines, a more pronounced
decrease of cell viability was observed upon incubation with aNCL-VHH-Fc, relative to
the parental antibody, without the nucleolin-binding component. This was especially
relevant in MDA-MB-435S and 4T1 cell lines (less than 25% of viable cells at the highest
concentration tested, Figures 3.4A-B) when compared with MDA-MB-231 and HMEC-1
(approximately 50% of viability at 2000 nM, Figures 3.4C-D). At the highest concentration
tested, aNCL-VHH-Fc enabled a 1.7-, 1.5- or 1.4-fold decrease of viability of MDA-MB-
435S, MDA-MB-231 or HMEC-1 cells, respectively, relative to the parental VHH-Fc. This

protein did not present any cytotoxic effect against 4T1 cells, but decreased the viability
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Figure 3.4. Cytotoxicity of anti-nucleolin nanobody-Fc against cancer or endothelial cells.

Anti-nucleolin VHH-Fc antibody (aNCL-VHH-Fc) or control protein (parental VHH-Fc) were
incubated with cells, either neoplastic as (A) MDA-MB-435S, (B) 4T1 and (C) MDA-MB-231 or
the (D) endothelial HMEC-1 cells, at concentrations up to 1000 nM, for 72 h. In the end of the

incubation, cytotoxicity was assessed by the MTT assay. Data represent the mean + SD from

three independent experiments, performed in duplicate. Differences in cytotoxicity between the

tested proteins were evaluated by Student’s t-test (*p<0.05, **p<0.01, **p<0.001).
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3.3.3 Antibody-dependent cell-mediated cytotoxicity of anti-nucleolin

nanobody-Fc antibody against MDA-MB-435S

In MDA-MB-435S cells, 25 nM aNCL-VHH-Fc, in the presence of PBMCs, enabled
higher cell death than equimolar parental VHH-Fc (p<0.001, Figure 3.5A). Important to
point out that this difference was completely dissipated in the absence of PBMCs (Figure
3.5A). Moreover, the effect was partly dependent on the presence of the Fc region, as in
the absence of the latter, the aNCL-CDR3 VHH protein triggered a lower level of cancer
cell death in the presence of PBMCs (p<0.01, Figure 3.5B). The absence of ADCC
activity of the parental VHH-Fc construct was further demonstrated, as it enabled similar
levels of cell viability as its VHH counterpart, upon incubation with PBMCs. (Figure 3.5C).
These results supported an overall nucleolin-dependent ADCC effect by the anti-
nucleolin nanobody-Fc antibody. This effect suggested to be concentration-independent
within the range of 25 - 125 nM (Figure 3.5D).

The increased cytotoxicity observed upon incubation of MDA-MB-435S with aNCL-
CDR3 VHH and PBMCs, relative to incubation with aNCL-CDR3 VHH alone (Figure
3.5B), suggested that the anti-nucleolin ligands, in the presence of PBMCs, could have
an Fc-independent effect. Therefore, the cytotoxicity of the anti-nucleolin VHHs aNCL-
CDR1 VHH and aNCL-CDR3 VHH, as well as the nucleolin-binding F3 peptide, was
evaluated in the presence of PBMCs. The parental VHH, without a nucleolin-binding
component, was included as a control. aNCL-CDR1 and aoNCL-CDR3 VHH and F3
peptide, enabled similar levels of cytotoxicity against MDA-MB-435S cells, in the
presence of PBMCs. However, significant increased cell death was observed with aNCL-
CDR3 VHH and F3 peptide, relative to the parental VHH, in the presence of PBMCs
(p<0.05, Figure 3.6A-C). These results suggested a Fc domain-independent cytotoxicity
of anti-nucleolin constructs, in the presence of PBMCs. aNCL-CDR1 VHH enabled a

similar effect, although a statistically significant difference was not observed. This
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Figure 3.5. Antibody-dependent cell-mediated cytotoxicity of anti-nucleolin nanobody-Fc
antibody against MDA-MB-435S cells. MDA-MB-435S cells, previously cultured in a RTCA
plate for 24 h, were incubated with protein, without (solid lines) or with human PBMCs (at a target
cells/PBMCs ratio of 1:10 or 1:5 ratio, dotted lines), for 72 h. Cell index, normalized to the
beginning of the incubation, was measured every 15 min, using the xCELLigence system. ADCC
effect of the anti-nucleolin nanobody-Fc antibody (red) was further supported upon assessing its
activity versus (A) 25 nM parental VHH-Fc (blue), (B) 50 nM aNCL-CDR3 VHH (green), (C) 25
nM parental VHH-Fc (blue) versus 50 nM parental VHH (orange), and (D) 125 nM (light green)

aNCL-VHH-Fc. Data are from a representative experiment, performed in duplicate.

suggested that grafting onto CDR1 was not as effective as onto CDR3, as already
suggested by the binding and cytotoxicity results described in Chapter 2.

The extent of cell death for each anti-nucleolin ligand and control proteins as a function
of individual PBMCs donors (Figures 3.7A-D), revealed similar profiles, except for
parental VHH, for one of the PBMCs sets (Figure 3.7B). The extent of ADCC effect by
the anti-nucleolin nanobody-Fc antibody in MDA-MB-435S varied with the PBMCs
donors (Figure 3.7). Increase in PBCM-dependent cell death ranged from,
approximately, 1.3- to 2-fold, relative to the parental VHH-Fc and a 1.3- to 1.7-fold

increase relative to the VHH counterpart (p<0.01). Therefore, and regardless of the
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Figure 3.6. Cytotoxicity of anti-nucleolin nanobodies, without Fc region, in the presence of
PBCMs, against MDA-MB-435S cells. MDA-MB-435S cells, previously cultured in a RTCA plate
for 24 h, were incubated with protein, without (solid lines) or with human PBMCs (at a target
cells/PBMCs ratio of 1:10 or 1:5 ratio, dotted lines), for 72 h. Cell index, normalized to the
beginning of the incubation, was measured every 15 min, using the xCELLigence system.
Cytotoxicity of anti-nucleolin nanobodies was assessed upon incubation of MDA-MB-435S cells
with PBMCs and 50 nM of (A) aNCL-CDR1 VHH, (B) aNCL-CDR3 VHH, or (C) F3 peptide. Data

are from a representative experiment, performed in duplicate.
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Figure 3.7. Cytotoxicity of nucleolin-binding proteins against MDA-MB-435S cells, upon
incubation with human PBMCs harvested from different donors. Figures A-D represent the
cytotoxicity assays, performed in duplicate, with PBCMs harvested from four donors, using the
XCELLigence system. MDA-MB-435S, previously cultured in a RTCA plate for 24 h, were
incubated with PBMCs (at a target cells/PBMCs ratio of 1:10 or 1:5 ratio) and 25 nM anti-nucleolin
nanobody-Fc antibody (aNCL-VHH-Fc). Nucleolin-binding proteins without the Fc region (50 nM
aNCL-CDR1 VHH, aNCL-CDR3 VHH or F3 peptide) or proteins without the nucleolin-binding
component (50 nM parental VHH or 25 nM parental VHH-Fc) were included as controls. Cancer

cell death was calculated from the area under the curve (AUC), as described in Material and
Methods.
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PBMC origin, these results supported a Fc-dependent and nucleolin-specific ADCC

effect of aNCL-VHH-Fc against MDA-MB-435S cells.

3.3.4 Antibody-dependent cell-mediated cytotoxicity of anti-nucleolin

nanobody-Fc antibody against 4T1 mouse cancer cells

In contrast with the activity observed with the MDA-MB-435 cells, incubation of 4T1
mouse cancer cells with either 25 nM or 125 nM of aNCL-VHH-Fc antibody, in the
presence of PBMCs, did not result in a decreased cell viability, relative to the incubation
with the aNCL-VHH-Fc antibody alone (Figure 3.8). These results strongly suggested

that the antibody did not trigger an ADCC effect against these cells.

3.4 DISCUSSION

The efficacy of antibody therapy against solid tumors can be hampered, depending
on the targeted tumor cell sub-populations, by their high molecular weight (of
approximately 150 kDa), as it strongly limits their access to the inner tumor areas!®.
Antibody formats of approximately 80 kDa have increased access to these areas, without
increased extent of kidney filtration88, In fact, this was the rationale that led to the fusion
of a Fc domain of human IgG1l to the anti-nucleolin nanobody, aNCL-CDR3 VHH,
previously described (Chapter 2). The higher extent of cytotoxicity enabled by the aNCL-
CDR3 VHH relative to the CDR1-grafted counterpart, and regardless of the presence of
the flanking linkers at each end of the grafted CDR, supported the choice of the former
to generate the novel aNCL-CDR3 VHH-Fc antibody. This format is expected to enable

improved tumor penetration relative to full-length IgGs, while maintaining a prolonged
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Figure 3.8. ADCC effect of nanobody-Fc antibody against 4T1 mouse cancer cells. 4T1
cells, previously cultured in a RTCA plate for 24 h, were incubated with the anti-nucleolin
nanobody-Fc (aNCL-VHH-Fc, red) or control antibody (parental VHH-Fc, blue), at a concentration
of 25 or 125 nM, without (solid lines) or with human PBMCs (at a target cells/PBMCs ratio of 1:10
or 1.5 ratio, dotted lines), for 72 h. Cell index, normalized to the beginning of the incubation, was

measured every 15 min, using the xCELLigence system.

blood circulation time, due to the presence of the Fc region!?%18, |n addition, the human

lgG1-derived Fc domain can potentially enable a strong ADCC effect!13115116.118 Thijs js
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of particular importance towards antibody therapies with increased efficacy, being an
area still unexplored in the context of nucleolin targeting®-8287,

The use of antibodies in a nanobody-Fc format might enable additional
pharmacodynamics features, besides the potential for ADCC effects. In fact, VHH-Fc are
dimeric proteins, thus increasing the binding avidity and, subsequently, the cytotoxic
effects, relative to the nanobodies alone®®. This could support the overall increased
cytotoxicity (in the nanomolar range) enabled by the anti-nucleolin nanobody-Fc antibody
(in the micromolar range), relative to its VHH counterpart. Although the increased extent
of cytotoxicity of the former could be supported by the presence of two VHH
monomers®®, other mechanisms are likely to contribute to this effect, as even twice the
concentration of nanobody does not enable an effect as strong as the VHH-Fc
counterpart. A similar observation has been reported for cetuximab and its Fab
counterpart, with the former presenting higher cytotoxicity than the latter, at
concentrations of 66 and 132 nM, respectively. However, a Fab2’ fragment (bivalent)
counterpart presented similar cytotoxicity to cetuximab, suggesting that the higher
cytotoxicity enabled by the IgG and Fab2’ antibodies, relative to Fab, derived from their
ability to bind to two target receptors simultaneously!®’. It is interesting to notice that the
level of cell death enabled by the anti-nucleolin VHH-Fc against MDA-MB-231 cells was,
approximately, 80% lower than the one enabled by anti-nucleolin scFv, 4LB5%.
Differences on the targeted epitope and format could account for the differences in
activity. While the former binds to the N-terminal domain of nucleolin, through a
sequence derived from the F3 peptide?, the latter binds to the central domain®’.

Despite its lower cytotoxicity relative to the anti-nucleolin scFv 4LB5, the anti-
nucleolin VHH-Fc antibody herein developed was able to trigger a nucleolin-dependent
ADCC effect against MDA-MB-435S cells. The protein concentration initially used for this
assay was 25 nM, within the range used for similar in vitro assays with antibodies
currently used in the clinic and with proven ADCC activity, which commonly varies

between 6 nM and 600 n\M118198-202
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None of the human anti-nucleolin antibody formats developed so far, both human
full-length IgG1 antibodies®® and the human scFV 4LB5%, have been associated with
ADCC activity, notwithstanding CDC activity has been reported for the former®. This can
be intriguing as the former format incorporates a Fc domain. An important characteristic
that differentiates the antibody formats herein developed (targeting nucleolin N-terminal)
from the ones previously reported is the targeted domain of nucleolin. Anti-nucleolin full-
length antibodies previously developed target either the central domain or the C-terminal
domain of nucleolin®, whereas the scFv 4LB5 targets the central domain®’. Interestingly,
the capacity of an antibody to trigger ADCC and the extent of this response depends on
the epitope to which the antibody binds?°3-2%, The anti-nucleolin VHH-Fc antibody was
generated from the N-terminal-binding F3 peptide?, likely enabling binding to the target
protein N-terminal, different from the binding domains of the anti-nucleolin proteins
aforementioned. This difference could support the nucleolin-mediated ADCC effect
associated with the anti-nucleolin VHH-Fc antibody herein developed.

Several molecules (including antibodies and chemotherapeutic drugs) are known
to play a role in the recruitment of the immune system, in a Fc-independent manner (and
thus, ADCC-independent mechanism)?%. Therefore, in the ADCC assays, a control
using the nanobody counterpart was included (without Fc domain). The fact that an anti-
nucleolin VHH (grafted onto CDR3) and the F3 peptide were able to induce an increased
PBMC-dependent MDA-MB-435S cell death, relative to the parental VHH, suggested
that nucleolin targeting might modulate Fc-independent immune responses. This is an
observation reported with antibodies, such as bevacizumab, trastuzumab and
cetuximab, but also tyrosine kinase inhibitors, such as erlotinib?°. Incubation of EGFR-
targeting agents (with and without Fc domain) with different EGFR-overexpressing cells,
led to increased MHCI and MHCII expression, resulting in increased CD4 T cell
responses®?28, As nucleolin interacts with EGFR at the cell surface®8, clarifying

whether the same type of mechanisms occur upon nucleolin targeting would be
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important, to thoroughly characterize the mechanism of action of nucleolin-targeting
entities.

Despite this ADCC effect of the anti-nucleolin VHH-Fc antibody, this type of
response was not observed with 4T1 cancer cells, even upon increasing protein
concentration, matching values for other antibodies reported to trigger an ADCC effect?%°,
This lack of activity could rely on the lower expression of surface nucleolin in these cells,
when compared with MDA-MB-435S (45000 and 102000 molecules/cell, respectively;
JN Moreira, personal communication), as higher antigen density correlates with stronger
ADCC responses!03189.210211

The results presented in this chapter support an ADCC activity of anti-nucleolin
nanobody-Fc antibody against some target cancer cells. This is, to the author's best
knowledge, the first anti-nucleolin agent with ADCC activity. Due to the recognized
importance of this kind of mechanism in cancer therapy, this new entity could pave the

way for a new nucleolin-targeting therapeutic strategy.
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The development of antibodies for cancer therapy has been a major breakthrough
that allowed a marked improvement in the patients’ outcome for several types of
malignancies!®®. The increasing understanding on the biology underlying tumor
development, has enabled new research approaches to tackle this disease.

However, for some types of cancer this has been particularly difficult, as the case
of triple-negative breast cancer. The fact that these tumors do not express any of the
common breast cancer markers (ER, PR or HER2) has hampered the development of
targeted therapies?!?, in contrast to HER2-positive tumors. In this respect, the approval
of the anti-HER2 monoclonal antibody, trastuzumab, enabled an improvement of
therapeutic outcome in the treatment of HERZ2-overexpressing early-stage and
metastatic breast cancer, as well as metastatic gastric cancer. Therefore, unraveling new
relevant targets for subtypes of cancer that have not been contemplated so far with
targeted treatments has been a major focus of research*.

The notion of the tumor microenvironment as a central player in tumor progression,
has been supporting the concept of therapeutic target in the tumor stroma®, namely the
tumor vasculature®. In this respect, nucleolin is a multifunctional protein (reviewed by
Fonseca et al.?'3), with an expression pattern that makes it a promising therapeutic
target: (i) it is expressed on the surface of cancer cells and angiogenic endothelial cells
and (i) is involved in several pathways that regulate tumor cell proliferation®”-214,

This work aimed at developing new anti-nucleolin antibody formats for anticancer
therapy, including formats enabling antibody-dependent cell-mediated cytotoxicity
(ADCC), a strategy so far unexplored in the context of nucleolin.

The results presented in this thesis support the following main conclusions:

(1) F3 peptide-based grafting onto the CDRs of a nanobody is a suitable

strategy for generation of anti-nucleolin antibody formats, as confirmed by
their binding to both purified nucleolin and cancer and endothelial cells,

regardless of the grafted CDR (CDR1 or CDR3);
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(ii) these nanobodies can have bispecific properties, as evidenced by the
additional binding to TNF-a protein;

(i) anti-nucleolin nanobodies presented cytotoxicity against cancer cell lines
and an angiogenic endothelial cell line);

(iv) nanobodies grafted onto CDR3 evidenced higher binding and cytotoxicity
than the corresponding counterparts grafted onto CDR1;

(V) increased CDR flexibility, conferred by the presence of linkers at each end
of the grafted CDR, did not enable improved binding or cytotoxicity;

(vi) anti-nucleolin nanobody fusion to a Fc domain from human IgG1,
originating a nanobody-Fc antibody format, enabled increased cytotoxicity

and nucleolin-mediated ADCC against the MDA-MB-435S cancer cell line.

Overall, the construct developed in this project could pave the way to explore novel
antitumor mechanisms of action, namely potentially affecting both cancer cells and tumor
blood vessels. Notwithstanding studies addressing ADCC effects on endothelial cells
remain scarce, there are reports suggesting that these effects can also be triggered
against these cells®*®. Moreover, the demonstrated binding specific (towards nucleolin
and TNF-a), supports the flexibility of the grafting strategy herein used, to develop the
same kind of construct for virtually any target.

Future characterization of pharmacokinetics of the developed antibody formats,
along with the effect on tumor growth and tumor vasculature will provide additional
information on their therapeutic potential. As the anti-nucleolin antibody has a molecular
weight of approximately 84 kDa and this has been proposed to be the most appropriate
antibody size for long circulation times, while retaining tumor accumulation, this construct
could impact tumor growth, while presenting low toxicity.

Evaluation of the in vivo contribution of ADCC for effective therapeutic outcomes
remains a challenging task, as the human and mouse immune systems present relevant

differences, namely regarding the affinity of Fc domain of antibodies towards Fc
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receptors at the surface of the immune cells?'®. Some recently developed mouse models,
aiming at better recapitulating the human immune system, may offer promising tools for
this evaluation?'’:2'8, These models lack not only functional T and B cells, but also mature
NK cells, resulting in improved engraftment of human cancer cells and allowing ADCC
evaluation upon (intravenous) inoculation of human NK cells?17-218,

Notwithstanding anti-nucleolin proteins enabled the highest extent of cytotoxicity
against 4T1 cancer cells, the absence of an ADCC effect against this cancer cell line
was in contrast with the one observed with MDA-MB-435S cancer cells. This could rely
on the lower levels of surface nucleolin in the latter (JN Moreira, personal
communication), as ADCC responses are affected by antigen density at the target cells.
It would be relevant to determine whether the absence the mentioned ADCC effect could
be overcome with strategies such as potentiation of NK cell activity with IL-2 and IL-
15199,219,220_

Alternative strategies to boost ADCC-based immune responses could encompass,
for example, altering the carbohydrates bound to the Fc (mainly by reduction of the
fucose levels) or performing specific amino acid substitutions in the Fc sequence.
Supporting the validity of these strategies, an anti-EGFR IgG1 antibody, with reduced
fucose levels, presented improved in vitro ADCC capacity and increased survival in an
in vivo model of colorectal cancer, relative to cetuximab, notwithstanding the similar in
vitro antiproliferative effect presented by both antibodies??*. Moreover, this
glycoengineered antibody enabled ADCC responses upon incubation with NK cells from
colorectal cancer patients, even when the NK cells had impaired direct toxicity??? In
addition, low fucose versions of rituximab decreased the dependency of the extent of
ADCC response from Fc receptors polymorphisms (usually associated with reduced
ADCC response)??®, or from antigen density on target cells??4. These examples support
the relevance of such strategies not only in triggering ADCC, but also in compensating

for the weaker immune response that could be observed in some cancer patients?%.
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In conclusion, this work has resulted in anti-nucleolin antibodies (hanobodies and
nanobody-Fc formats) with cytotoxic activity against cancer and endothelial cells and in
the first anti-nucleolin antibody with ADCC activity. These new entities could pave the
way for a nucleolin-based therapy that takes advantage of this mechanism. The versatile
application associated with antibody molecules, as for example, ligands for targeted
nanoparticles or glyco-engineered antibodies, further expands the potential of the

constructs developed herein.
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Figure 1

Parental VHH — DNA sequence

ATGAAAAAGACAGCTATCGCGATTGCAGTGGCACTGGCTGGTTTCGCTACCGT
leader peptide

GGCCCAGGTGCAGCTGCAGGAATCTGGCGGTGGCCTGGTTCAGCCGGGTGGCAG

TCTGCGCCTGAGCTGTGCCGCCTCTGGTCGTACCTTTAGCGATCATTCTGGTTATA
CDR1

CCTACACGATTGGCTGGTTTCGTCAGGCGCCGGGCAAAGAACGTGAATTCGTGGC

CCGCATCTATTGGAGCTCTGGTAACACCTATTACGCAGATAGTGTTAAAGGCCGTT

TCGCCATTAGCCGCGATATCGCAAAAAATACCGTGGATCTGACGATGAACAATCTG

GAACCGGAAGATACCGCCGTTTATTACTGTGCAGCGCGTGATGGCATTCCGACGT
CDR3

CTCGCAGTGTGGAAAGCTATAACTACTGGGGTCAGGGCACCCAGGTGACCGTTAG

TAGCGGCCAGGCCGGCCAGCACCATCACCATCACCATGGCGCATACCCGTACGAC
histidine tag

GTTCCGGACTACGCTTICTTAG
HA tag
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Parental VHH — Protein sequence

MKKTAIAIAVALAGFATVAQAAQVQLQESGGGLVQPGGSLR
leader peptide

LSCAASGRTFSDHSGYTYTIGWFRQAPGKEREFVARIYWSS
CDR1

GNTYYADSVKGRFAISRDIAKNTVDLTMNNLEPEDTAVYYCA

ARDGIPTSRSVESYNYWGQGTQVTVSSGQAGQHHHHHHGA
CDR3 histidine tag

YPYDVPDYASStop
HA tag

aNCL-CDR1 VHH — DNA sequence

ATGAAAAAGACAGCTATCGCGATTGCAGTGGCACTGGCTGGTTTCGCTACCGTGGCCC
leader peptide

AGGCGGCCCAGGTGCAGCTGCAGGAATCTGGCGGTGGCCTGGTTCAGCCGGGTGGCA

GTCTGCGCCTGAGCTGTGCCGCCTCTCCGCAGCGTCGTAGCGCGCGTCTGAGCGCGT
CDR1

GGTTTCGTCAGGCGCCGGGCAAAGAACGTGAATTCGTGGCCCGCATCTATTGGAGCTC

TGGTAACACCTATTACGCAGATAGTGTTAAAGGCCGTTTCGCCATTAGCCGCGATATCG

CAAAAAATACCGTGGATCTGACGATGAACAATCTGGAACCGGAAGATACCGCCGTTTAT

TACTGTGCAGCGCGTGATGGCATTCCGACGTCTCGCAGTGTGGAAAGCTATAACTACT

GGGGTCAGGGCACCCAGGTGACCGTTAGTAGCGGCCAGGCCGGCCAGCACCATCACC

histidine tag

ATCACCATGGCGCATACCCGTACGACGTTCCGGACTACGCTTCTTAG
HA tag
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aNCL-CDR1 VHH — Protein sequence

MKKTAIAIAVALAGFATVAQAAQVQLQESGGGLVQPGGSLRLSC
leader peptide

AASPQRRSARLSAWFRQAPGKEREFVARIYWSSGNTYYADSVK
CDR1

GRFAISRDIAKNTVDLTMNNLEPEDTAVYYCAARDGIPTSRSVE

SYNYWGQGTQVTVSSGQAGQHHHHHHGAYPYDVPDYAS
histidine tag HA tag

aNCL-CDR3 VHH — DNA sequence

ATGAAAAAGACAGCTATCGCGATTGCAGTGGCACTGGCTGGTTTCGCTACCGTGGCCC
leader peptide

AGGTGCAGCTGCAGGAATCTGGCGGTGGCCTGGTTCAGCCGGGTGGCAGTCTGCGCC

TGAGCTGTGCCGCCTCTGGTCGTACCTTTAGCGATCATTCTGGTTATACCTACACGATT

GGCTGGTTTCGTCAGGCGCCGGGCAAAGAACGTGAATTCGTGGCCCGCATCTATTGGA

GCTCTGGTAACACCTATTACGCAGATAGTGTTAAAGGCCGTTTCGCCATTAGCCGCGAT

ATCGCAAAAAATACCGTGGATCTGACGATGAACAATCTGGAACCGGAAGATACCGCCGT

TTATTACTGTGCAGCGCCGCAGCGTCGTAGCGCGCGTCTGAGCGCGTGGGGTCAGGG
CDR3

CACCCAGGTGACCGTTAGTAGCGGCCAGGCCGGCCAGCACCATCACCATCACCATGG
histidine tag

CGCATACCCGTACGACGTTICCGGACTACGCTICTTAG
HA tag
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aNCL-CDR3 VHH — Protein sequence

MKKTAIAIAVALAGFATVAQAAQVQLQESGGGLVQPGGSLRLSC
leader peptide

AASGRTFSDHSGYTYTIGWFRQAPGKEREFVARIYWSSGNTYY

ADSVKGRFAISRDIAKNTVDLTMNNLEPEDTAVYYCAAPQRRS
CDR3

ARLSA WGQGTQVTVSSGQAGQHHHHHHGAYPYDVPDYAS Stop
histidine tag HA tag

aNCL-CDR1-L VHH — DNA sequence

ATGAAAAAGACAGCTATCGCGATTGCAGTGGCACTGGCTGGTTTCGCTACCGTGGCCC
leader peptide

AGGCGGCCCAGGTGCAGCTGCAGGAATCTGGCGGTGGCCTGGTTCAGCCGGGTGGCA

GTCTGCGCCTGAGCTGTGCCGCCTCTAGCGGCGGCGGCAGCCCGCAGCGTCGTAGC
CDR1

GCGCGTCTGAGCGCGAGCGGCGGCGGCAGCTGGTTTCGTCAGGCGCCGGGCAAAGA

ACGTGAATTCGTGGCCCGCATCTATTGGAGCTCTGGTAACACCTATTACGCAGATAGTG

TTAAAGGCCGTTTCGCCATTAGCCGCGATATCGCAAAAAATACCGTGGATCTGACGATG

AACAATCTGGAACCGGAAGATACCGCCGTTTATTACTGTGCAGCGCGTGATGGCATTCC

GACGTCTCGCAGTGTGGAAAGCTATAACTACTGGGGTCAGGGCACCCAGGTGACCGTT

AGTAGCGGCCAGGCCGGCCAGCACCATCACCATCACCATGGCGCATACCCGTACGAC
histidine tag HA tag

GITCCGGACTACGCTTICITAG
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aNCL-CDR1-L VHH — Protein sequence

MKKTAIAIAVALAGFATVAQAAQVQLQESGGGLVQPGGSLRLSC
leader peptide

AASSGGGSPQRRSARLSASGGGSWFRQAPGKEREFVARIYWS
CDR1

SGNTYYADSVKGRFAISRDIAKNTVDLTMNNLEPEDTAVYYCAA

RDGIPTSRSVESYNYWGQGTQVTVSSGQAGQHHHHHHGAYPY
histidine tag

DVPDYAS

aNCL-CDR3-L VHH — DNA sequence

ATGAAAAAGACAGCTATCGCGATTGCAGTGGCACTGGCTGGTTTCGCTACCGTGGCCC
leader peptide

AGGTGCAGCTGCAGGAATCTGGCGGTGGCCTGGTTCAGCCGGGTGGCAGTCTGCGCC

TGAGCTGTGCCGCCTCTGGTCGTACCTTTAGCGATCATTCTGGTTATACCTACACGATT

GGCTGGTTTCGTCAGGCGCCGGGCAAAGAACGTGAATTCGTGGCCCGCATCTATTGGA

GCTCTGGTAACACCTATTACGCAGATAGTGTTAAAGGCCGTTTCGCCATTAGCCGCGAT

ATCGCAAAAAATACCGTGGATCTGACGATGAACAATCTGGAACCGGAAGATACCGCCGT

TTATTACTGTGCAGCGAGCGGCGGCGGCAGCCCGCAGCGTCGTAGCGCGCGTCTGAG
CDR3

CGCGAGCGGCGGCGGCAGCTGGGGTCAGGGCACCCAGGTGACCGTTAGTAGCGGCC

AGGCCGGCCAGCACCATCACCATCACCATGGCGCATACCCGTACGACGTTCCGGACTA
histidine tag HA tag

CGCTICTTAG
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oNCL-CDRS3-L VHH — DNA sequence

MKKTAIAIAVALAGFATVAQAAQVQLQESGGGLVQPGGSLRLSC
leader peptide

AASGRTFSDHSGYTYTIGWFRQAPGKEREFVARIYWSSGNTYY

ADSVKGRFAISRDIAKNTVDLTMNNLEPEDTAVYYCAASGGGS

PORRSARLSASGGGSWGQGTQVTVSSGQAGQHHHHHHGAYP
CDR3 histidine tag

YDVPDYAS Stop
HA tag
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aNCL-VHH-Fc — DNA sequence

ATGTACAGGATGCAACTCCTGTCTTGCATTGCACTAAGTCTTGCACTTGTCACGAATTC
IL2 ss

GATATCGGCCATGGAACAGGTGCAGCTGCAGGAATCTGGCGGTGGCCTGGTTCAGCC

GGGTGGCAGTCTGCGCCTGAGCTGTGCCGCCTCTGGTCGTACCTTTAGCGATCATTCT

GGTTATACCTACACGATTGGCTGGTTTCGTCAGGCGCCGGGCAAAGAACGTGAATTC

anti-nucleolinVHH

GTGGCCCGCATCTATTGGAGCTCTGGTAACACCTATTACGCAGATAGTGTTAAAGGC

CGTTTCGCCATTAGCCGCGATATCGCAAAAAATACCGTGGATCTGACGATGAACAAT

CTGGAACCGGAAGATACCGCCGTTTATTACTGTGCAGCGAGCGGCGGCGGCCCGCA

GCGTCGTAGCGCGCGTCTGAGCGCGTGGGGTCAGGGCACCCAGGTGACCGTTAGTA

GCGACAAAACTCACACATGCCCACCGTGCCCAGCACCTGAACTCCTGGGGGGACCGT
IgG1 Fc

CAGTCTTCCTCTTCCCCCCAAAACCCAAGGACACCCTCATGATCTCCCGGACCCCTGA

GGTCACATGCGTGGTGGTGGACGTGAGCCACGAAGACCCTGAGGTCAAGTTCAACTGG

TACGTGGACGGCGTGGAGGTGCATAATGCCAAGACAAAGCCGCGGGAGGAGCAGTAC

AACAGCACGTACCGTGTGGTCAGCGTCCTCACCGTCCTGCACCAGGACTGGCTGAATG

GCAAGGAGTACAAGTGCAAGGTCTCCAACAAAGCCCTCCCAGCCCCCATCGAGAAAAC

CATCTCCAAAGCCAAAGGGCAGCCCCGAGAACCACAGGTGTACACCCTGCCCCCATCC

CGGGAGGAGATGACCAAGAACCAGGTCAGCCTGACCTGCCTGGTCAAAGGCTTCTATC

CCAGCGACATCGCCGTGGAGTGGGAGAGCAATGGGCAGCCGGAGAACAACTACAAGA

CCACGCCTCCCGTGCTGGACTCCGACGGCTCCTTCTTCCTCTACAGCAAGCTCACCGT

GGACAAGAGCAGGTGGCAGCAGGGGAACGTCTTCTCATGCTCCGTGATGCACGAGGC

TCTGCACAACCACTACACGCAGAAGAGCCTCTCCCTGTCTCCGGGTAAATGA
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aNCL-VHH-Fc — Protein sequence

MYRMQLLSCIALSLALVTNSISAMEQVQLQESGGGLVQPGGSL
IL2 ss

RLSCAASGRTFSDHSGYTYTIGWFRQAPGKEREFVARIYWSSG

anti-nucleolinVHH

NTYYADSVKGRFAISRDIAKNTVDLTMNNLEPEDTAVYYCAAP

QRRSARLSAWGQGTQVTVSSDKTHTCPPCPAPELILGGPSVFLF

PPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHN
IgG1 Fc

AKTKPREEQYNSTYRVVSVITVLHQDWINGKEYKCKVSNKALP

APIEKTISKAKGQPREPQVYTILPPSREEMTKNQVSLTCLVKGFY

PSDIAVEWESNGQPENNYKTTPPVIDSDGSFFLYSKLTVDKSR

WQAQGNVFSCSVMHEALHNHYTQKSLSLSPGK Stop

Table 1. PCR conditions for CDR grafting

Temperature Time Number of cycles
98 °C 30s 1
98 °C 10s
58 °C 30s 35
72 °C 30s
72 °C 10 min 1

Table 2 . PCR conditions for colony screening

Temperature Time Number of cycles
95 °C 5 min 1
95 °C 30s
58 °C 30s 30
72 °C 30s
72 °C 10 min 1
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Table 3. List of primers

57

CDR1-F | AGCTGTGCCGCCTCTCCGCAGCGTCGTAGCGCGCGTCTGAGCGCGT
GGTTTCGTCAGGCG

CDRIR |2
CGCGCTCAGACGCGCGCTACGACGCTGCGGAGAGGCGGCACAGCT
=

CDRIL-F | AGCTGTGCCGCCTCTAGCGGCGGCGGCAGCCCGCAGCGTCGTAGCG
CGCGTCTGAGCGCGAGCGGCGGCGGCAGCTGGTTTCGTCAGGCG
=

CDRIL-R | CGCGCTCAGACGCGCGCTACGACGCTGCGGGCTGCCGCCGCCGCTA
GAGGCGGCACAGCT
5’

CDR3-F | TATTACTGTGCAGCGCCGCAGCGTCGTAGCGCGCGTCTGAGCGCGTG
GGGTCAGGGCACC

CDR3-R | 5 CGCGCTCAGACGCGCGCTACGACGCTGCGGCGCTGCACAGTAATA
=

CDR3L-F | TATTACTGTGCAGCGCCGCAGCGTCGTAGCGCGCGTCTGAGCGCGTG
GGGTCAGGGCACC

CDR3L-R |5 CGCGCTCAGACGCGCGCTACGACGCTGCGGCGCTGCACAGTAATA
5’

Hindll-LP-F | AAGCTTATGAAAAAGACAGCTATCGCGATTGCAGTGGCACTGGCTGGT
TTCGCTACCGTGGCCCAGGCGGCCCA

HA-Bglll-R | 5 AATGGAAGATCTTTATTAGCTCGCGTAATCAGGCACGTCGTAG

NCOI-VHH-F | 5 AAACCATGGAACAGGTGCAGCTGCAG

VHH-BglII-R

5 ATAAGATCTGCTACTAACGGTCACCC
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