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Abstract

RAS isoforms are commonly mutated oncogenes, as it hyperactivity drives the
pathobiology of several major public health challenges including pancreatic adenocarcinoma,
colorectal cancer, and lung cancer [Fernández-Medarde A. et al, 2011]. Despite the
compelling cell biology showing that tumours can be highly “addicted” to RAS signaling,
over 20 years of medicinal chemistry developing direct small molecule inhibitors of RAS
isoforms have yielded no clinically active therapies. On this basis, RAS is generally
designated by the cancer community as an “undruggable” oncogene [Cox A et al, 2014].
Up to 30% of all human cancer types have mutations in one or all three RAS genes
including more than a half of colon cancers (~55%) and stunning 97% of pancreatic cancers
(PC). Taking just PC alone, as a common type of cancer, we obtain the following figures:
more than 250,000 cases have been reported per year over the last twenty years [Torre et al,
2012; Siegel et al, 2015; Rahib et al, 2012]. Since treatment efficacy in oncology correlates
with the early diagnostics and correct staging of the disease, finding new biological targets
specific to cancer cells potentially serving as action points for therapy or good sites for
diagnostics is of the utmost importance.
In my work I explore an antibody against CDCP1 for both imaging and targeted radio
therapeutic potency in tumours positive for mutated RAS and specifically PC model. AntiCDCP1 antibody was radiolabeled with 89Zr or 177Lu, and its properties were studied in vivo
in both PDX and HPAC pancreatic cancer cell line animal models. Mice injected with

89

Zr

were imaged (PET/CT) at various time points followed by a biodistribution study. To assess
the treatment potency of anti-CDCP1, the antibody was radiolabeled with

177

Lu and injected

in nu/nu mice bearing subcutaneous HPAC tumours. The treatment effect was assessed by
measuring tumour sizes via caliper, and dosimetry studies were performed using SPECT/CT.
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Applying the previously described labeling methods (Martinko et al, 2018), we have
achieved high (90%+) labeling efficacy for both isotopes. In vitro nuclear imaging showed an
increase in both accumulation and SNR over time, peaking at ~16% ID/g at 72-hour time
point, with extremely low background values. A biodistribution assay have demonstrated a
measurable non-specific uptake in liver and bone tissues.
For the therapeutic arm of the experiment, a significantly lower tumour growth was
observed in animals treated with anti-CDCP1 177Lu labeled abs. The results of this study have
also confirmed the ability of anti-CDCP1 antibody labeled with 89Zr to produce good quality
images, allowing for further studies aiming to translate this approach into clinical diagnostics
of PC, specifically to monitor tumour progression and assess tumour burden. Moreover,
treating the PC tumours with anti-CDCP1

177

Lu labeled abs has demonstrated a significant

effect that opens up a way to further studies exploring a therapeutic potential for this method.
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Novelty
In this work, CDCP1 protein was assessed as a possible target for immunotherapy of
RAS-driven cancers. The translational value of this work was increased by using not only
cancer cell-derived xenograft animal models, but also patient derived xenografts (PDX)
developed from biopsy materials of patients with pancreatic cancer (98% RAS driven
disease). To achieve that radiolabelling of the anti-CDCP1 antibodies with isotopes 89Zirconium and 177-Lutetium was performed, which allowed to use both PET (with 89Zr) and
SPECT (with

177

Lu). A decrease of tumour burden accompanied by increase of the overall

survival was demonstrated in groups treated with anti-CDCP1 with
successful ImmunoPET imaging with anti-CDCP1 with

89

177

Lu as well as first

Zr. The results were achieved in

vitro and validated in vivo. On this basis, a comprehensive model of the RAS-driven cancer
diagnostics and treatment has been validated and can be extended to other forms of cancer
and even introduced into the clinic once further more detailed work is done.
In the study with

89

Zr labeled transferrin my colleagues and I have successfully

assessed and described a new molecular imaging approach that may improve detecting and
monitoring procedures of clinically problematic cells arising from TSC and/or LAM.
Findings from reverse translational study with 89Zr labeled Atezolizumab has, for the
first time revealed a special importance of lower specific activity to measure tumourassociated PD-L1, especially for tumours with modest antigen expression. Measuring PD-L1
with non-invasive imaging is an unusual clinical challenge, as it does not need to be
overexpressed to promote tumour growth, and patients with as little as 1% of PD-L1 positive
cells on immunohistochemistry can experience durable clinical responses to checkpoint
inhibitors therapies. My results provided a novel approach to achieve that goal.
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performed by the author. The antibodies were purified and after bioconjugation with chelator
agents were radiolabeled with

89

Zr and
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Lu. Cancer cell lines were analyzed using Flow

Cytometry and used to develop cell line-derived and patient-derived xenografts in
experimental animals. The resulting animal models were further used for imaging
(PET/SPECT/CT) and therapeutic studies applying radiolabeled CDCP1/Atezo and
Transferrin proteins as diagnostic and treatment agents in different groups of animals. After
the end point of the experiment extensive ex vivo tests were performed, including
biodistribution and histology.
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Introduction
A complex network of signaling pathways controls normal cell behavior in
multicellular organisms. This network assures proper function, including protein expression,
rate of proliferation and cellular death [Perbal et al, 2003]. A pathway malfunction leads to a
loss of normal cell functioning and in most cases induces a disease. Specifically, for
oncology, the vast majority of cancers are found to have various pathway mutations
responsible for the breakdown of normal growth regulation, making this area of biology
critical for understanding and treating this malady. In my work, I have focused on developing
an approach to target RAS protein family, as one of the most prominent players in cancer
regulation and, currently, one of the primary targets of cancer research. Specifically, I was
studying CDCP1 as a potential target for distinguishing between normal cells and cells
carrying mutated RAS in order to target the latter with the newly developed anti-CDCP1
radiolabeled antibodies for diagnostic and therapeutic purposes.
The cutting-edge and one of the most rewarding strategies to cure cancer today is
immunotherapy [Zavala V et al, 2015]. It is based on harnessing the variety of body selfdefense tools against tumour. Some methods involve development of modified immune cells
[Geyer et al, 2016], some rely on deactivating tumour suppression of the host immune system
[Pardoll et al, 2012], and others involve specific delivery of therapeutic or diagnostic tools
directly to the cancer site using antibodies as vehicles [Nicodemus et al, 2015]. In my work, I
used Anti-CDCP1 antibody that I have labeled with isotopes of Zirconium and Lutetium (89
and 177 respectively), and used their specific chemical and physical properties for therapy
and diagnostics of one of the RAS related cancers – pancreatic cancer.
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Chapter 1. Review: RAS Protein Family

1.1.

Overview
One of the first proteins identified to play a significant role in cell growth control was

the product of the RAS oncogene. This name is an acronym derived from RAt Sarcoma since
this gene was primarily identified in strains of rat sarcoma viruses [Harvey et al, 1964].
While seeking for dominant oncogenes in both humans and animals, scientists revealed most
of these genes to be mutant alleles of cellular RAS genes [Takai Yet al, 2001]. Moreover,
RAS mutations were found in tumours induced by retroviruses that lack oncogene sequences,
suggesting that viral integration in the vicinity of cellular proto-oncogenes leads to point
mutations in their sequences and constitutive activation of RAS proteins [Hayward et al,
1981]. Since that discovery in early 1980s, RAS superfamily has been a focus of intense
research in the field of cancer biology.
The recent classification of RAS superfamily divides its members into five subfamilies: RAS, RHO, RAB, Sar1/Arf and RAN (Figure 1) [Simuanshu et al, 2017]. The
functions of different families were relatively recently determined to be as follows: RAS
subfamily members mainly regulate gene expression, Rho family proteins regulate gene
expression and cytoskeletal reorganization [Narumiya et al, 2018], RAB proteins regulate
intracellular vesicle trafficking [Pylypenko O et al, 2017], RAN – nucleocytoplasmic
transport during different phases of cell cycle, microtubule organization during mitosis
[Sheng et al, 2018]. Three RAS genes are found in mammalian genomes: HRAS, KRAS and
NRAS [Barbacid et al, 1987]. Alternative splicing of KRAS transcript results in two proteins
isoforms: KRAS-4A, KRAS-4B increasing the total number of protein isoforms to four.
These are ubiquitously expressed low-molecular weight (21 kDa) guanine nucleotide
binding proteins with intrinsic GTPase activity. Nowadays, the RAS signaling pathway is
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well-studied at the molecular level in a variety of organisms. [Campbell et al, 1998], as well
as the structure of the key proteins of this pathway [Wittinghofer et al, 1998].

Figure 1. Schema of RAS family Wennerberg et al., 2005. Color code indicate classification
adapted with permission from: [Rojas et al, 2012]: RAS family marked as blue; RHO is
shown in green; RAB subfamily is marked red; Arf is shown in cian; RAN is shown yellow.
Unclassified - beige.

1.2.

Structure of RAS proteins
Members of the RAS family are interrelated as they share about 90% of amino acid

sequences. They share almost 100% identical part of the first 1-86 amino acids – effector

23
lobe, there is ~82% sequence similarity within residues 87-166 region – allosteric lobe, the
C-terminal 20 amino acids differ and form a hypervariable region (HVR). Amino acids 1-166
of G domain are responsible for specific interaction with GTP and GDP and essential for
hydrolysis of bound GTP to GDP and P1 [Keeton et al, 2017]. Within the G domain there are
switch I (SI) and switch II (SII) regions that change in conformation during GDP–GTP
cycling and are the main determinants of downstream effector binding [Hobbs et al, 2016].
RAS is located in the intracellular leaflet of the membrane where it functions as a
communication hub allowing for extracellular growth factor-dependent signaling to be
transmitted to a dozen different intra-cellular signaling pathways, including the classically
studied MAPK and PI3K pathways [Downward et al, 2003]. Post-translational lipid
modifications (PTM) of RAS proteins are required for their binding to cell membrane and
regulators, as well as for activating downstream effects.

Figure 2. GTPase structure. (A). Consensus amino acid sequences (G1, G2, G3, G4, G5) are
responsible for interaction with GTP/GDP. Polybasic region on the COOH terminus of the
protein serves as a post-translational modification site crucial for proper GTPase
functioning. (B). HVRs of the four diffirent RAS isoforms demonstrated. Cysteine residues
that undergo farnesylations are marked yellow, palmitilation sites are shown in green.
Phosphorilation site at Ser181 is marked blue. Adapted by permission from Springer Nature
from: [Ahearn I et al, 2011].
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1.3.

Post-translational modifications of RAS proteins.
PTMs occur in HVRs of RAS proteins in sites of the following structure: Cysteine

(Cys)-Aliphatic amino acid (A) - Aliphatic amino acid (A) - Any amino acid (X). PTMs
comprise a sequence of three reactions: (1) farnesylation at Cysteine residue; (2) proteolytic
removal of A-A-X sequence by RCE1 enzyme and (3) carboxymethylation of the exposed
Cys residue by isoprenylcystein carboxymethyltransferase. HRAS, NRAS and KRAS4A
possess an additional Cystein residue that requires palmitoylation [Christiansen J et al, 2011].
Sequence of PTMs converts RAS from globular hydrophilic to hydrophobic form
associated with cell membrane. The enzymes involved in post-translational modifications are
well-characterized and there were attempts to use them as potential therapeutic targets [Cox
et al, 2010] (Figure 3). The difference in hypervariable regions of RAS proteins underlies the
dissimilarity of their functions [Haigis et al, 2008].

Figure 3. Post-translational modifications and regulation of RAS. Schema of RAS proteins
post translation modifications (A) and signaling (B) demonstrates various upstream effectors
(GAPs etc) and downstream targets (PI3K etc) involved in RAS pathway. Adapted by
permission from Springer Nature from: [Ahearn I et al, 2011].
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1.4.

Regulation of RAS pathway
In normal conditions, the activity of RAS is regulated by the ratio of bound GTP to

GDP [Cullen et al, 2002]. Upstream signal stimulates GDP-bound form to dissociate
allowing its exchange to GTP due to 10 times higher concentration of the latter in the cytosol.
When bound to RAS protein, GTP induces a conformational change of the downstream
effector(s) binding region thus making RAS proteins active and engaging the downstream
target enzyme(s). If bound to GDP, RAS proteins remain inactive. Since RAS proteins serve
as transmitters of upstream signals to downstream pathways, they are often called:
“molecular switches”.
A diagram of the loaded spring mechanism [Vetter et al, 2001].

The GTP/GDP ratio depends on several factors such as
guanine exchange factors, nucleotide hydrolysis by GTPase
activation proteins. GEfs activate RAS by inducing release of
GDP thus allowing GTP to bind, whereas GAPs return RAS into GDP-bound state by
elevating the intrinsic rate of GTP hydrolysis. Upstream and downstream regulation of the
RAS pathway involves a great number of divergent proteins (Figure 3) [Downward et al,
2003].

1.5.

RAS functions
RAS regulates numerous cellular functions, including “gene expression, proliferation,

survival, differentiation, cell cycle entry, and cytoskeletal dynamics” [Downward et al,
2003]. The biological effects of RAS proteins are determined by downstream pathways that
they regulate, including the best-studied Mitogen-activated Protein Kinase (MAPK) cascade.
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Once activated, RAS proteins directly bind to an active serine/threonine RAF1 protein
kinase, which in its turn induces gene expression through the MAPK (also known as MEK)
kinase [Downward et al, 2003; Ahearn et al, 2011; Rebollo et al, 1999; Dumphy K et al,
1998]. As a result of MAPK pathway stimulation, several transcription factors such as ELK1,
FOS, c-JUN, AP1 (FOS-JUN heterodimer formation) are activated which promotes
expression of key cell-regulatory proteins that enable cell cycle progression through G1
phase [Dunn et al, 2005]. A considerable number of studies have shown this pathway to
participate in diverse biological processes including negative selection of T cells in the
thymus [Daniels et al, 2006] and proliferation of epithelial cells [Hecquet et al, 2002].
Besides RAF1/MAPK cascade, other proteins were demonstrated to interact with
RAS directly [Hecquet et al, 2002]. For example, RAS can interact with type I
phosphatidylinositol 3-kinases (PI3Ks), which control a large number of downstream
enzymes including PDK1 (3-phosphoinositide-dependent protein kinase-1) and AKT and
provide a strong anti-apoptotic signaling. Another pathway leading to apoptosis downregulation through inhibiting the FORKHEAD transcription factors of the FoxO family is
RALGDS (RAL guanine nucleotide dissociation stimulator). Some of the most studied
pathways are shown in Figure 4.
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Figure 4. RAS downstream signaling. When bound to GTP, RAS enters activated state and
interacts with downstream targets leading to various effects, including, but not limited to
ERK activation (via MAP kinase), generation of second messenger lipids (via PI3 kinase) as
well as protein kinase C (PKC) activation and calcium mobilization (via Forehead
transcription factors Phospholipase Cε (PLCε). Adapted by permission from Springer
Nature: [Downward et al., 2003].

1.6.

RAS pathway in cancerogenesis
Missense mutations in RAS genes are found in nearly “30% of all human cancers,

with 98% of the mutations at one of the three mutational hotspots: G12, G13 and Q61
(COSMIC v75)” [Hobbs et al, 2016]. In addition to point mutations which result in defective
GAP-mediated GTP hydrolysis and therefore lock the enzyme in the GTP-bound, activated
form, other mechanisms of RAS pathway activation in cancer exist: GAP deletion [e.g., loss
of neurofibromin 1 (NF1)], Growth factor receptor (EGFR) activation, mutations or
amplification of RAS effectors (BRAF, PTEN).
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Figure 5. Frequency of RAS gene isoform mutations in various types of cancers. The
predominant mutation for pancreatic ductal adenocarcinoma (PDAC), lung and colorectal
carcinoma is KRAS, whereas cutaneous melanoma is mostly driven by NRAS [Cox et al,
2014]. KRAS and NRAS almost equally contribute to multiple myeloma development.
Predominant isoform for AML is NRAS (59%) with KRAS in the second place (27%).
Adapted with permission from: [Hobbs et al, 2016].

RAS isoforms contribute differently to cancer: KRAS is the most mutated isoform
(85%), with NRAS in the seond place (11%) and HRAS in the last place (4%) (Lampson et
Al., 2013). Historically the G12V mutation attracted most attention as the ‘poster child’ for
oncogenic RAS but now it was reported that mutations at each of the three missense-mutation
hotspots (G12, G13 and Q61) have distinct structural and biochemical defects, equally
contribute to carcinogenesis and occure in RAS hotspots with different frequencies (Table 1).
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Table 1. Frequency of single-base-change missense mutations in RAS isoforms [Hobbs et al,
2016].

Hot spot

Base substitution

Frequency of mutation
KRAS

Glycine (G) 12

Glycine (G) 13

NRAS

Valine (V)

57%

Aspartic acid (D)

41%

52%

Aspartic acid (D)

89%

50%

Arginine (R)
Glutamine (Q) 61

Histidine (H)
Arginine (R)

HRAS

3%
85%

58%

6%

5%

47%

43%

Various functional outcomes resulting from different mutation hotspots were shown:
“G12V mutation leads to a loss of GAP sensitivity, Q61L reduces intrinsic hydrolysis and
GAP sensitivity as well as increases nucleotide exchange. G13D decreases GAP-mediated
hydrolysis and increases the rate of nucleotide exchange. Q61R shows alterations in switch II
structure resulting in impaired GTP hydrolysis” [Hobbs et al, 2016]. There is evidence on the
prognostic value that different mutations can have for anti-EGFR therapy in patients with
colorectal cancer [Zanella et al, 2015; Van Cutsem et al, 2015, Cousin et al, 2015].
Ambiguous results were shown for pancreatic cancer prognosis: KRAS G12D and G12R
were found to be poor prognostic factors [Ogura et al, 2013], whereas another research group
showed that G12R alone accounts for an increased survival rate [Faris et al, 2014].

1.7.

RAS treatment approach
The history of RAS-guided therapy development is nearly three decades long

embracing both significant hopes and just as significant disappointments. Over the last few
years there were numerous calls in scientific community to end the pursuit that couldn’t yield
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an effective drug and focus on other, more promising areas of cancer research. However,
there are still a substantial number of groups that have dedicated their careers to solving the
issue of successful development of anti-RAS therapy. They have received a significant boost
when in 2015 NCI driven RAS Initiative was launched. Many institutes worldwide have
since followed this pursuit and several distinct strategies emerged.
The first strategy was to find drugs that inhibit farnesyl transferase [Appels et al,
2005]. Six such drugs demonstrated significant success in preclinical stage and made it to
clinical trials (“ BMS-214662 (Bristol-Myers Squibb, Princeton, NJ, http://www.bms.com),
L778123 (Merck & Co., Inc., Whitehouse Station, NJ, http://www.merck.com), tipifarnib
(experimental name, R115777; Zarnestra™; Ortho Biotech Products, L.P., Bridgewater, NJ,
http://www.orthobiotech.com), lonafarnib (experimental name, SCH66336; Sarasar™;
Schering-Plough Corporation, Kenilworth, NJ, http://www.sch-plough.com), FTI-277
(Calbiochem, EMD Biosciences, San Diego, http://www.emdbiosciences.com), and L744832
(Biomol International L.P., Plymouth Meeting, PA, http://www.biomol.com))”. However,
these trials ended in one of the biggest failures in history of drug development as every single
one failed in human clinical trials due to a low efficiency and toxicity. It was later discovered
that “in the absence of a farnesyl tail, another enzyme is able to attack a different fatty tail on
RAS, rendering drugs useless” [De La Cruz et al, 2015].
Some researchers, have been looking into targeting RAS protein itself [Zhang et al,
2018]. They used (NMR) spectroscopy for fragment-based drug discovery, a method of
finding lead compounds for new therapeutics largely based on achievements in computer
modeling [Bauer et al, 2011]. It offered new start for targeting the “smooth, unpocketed
surface of RAS proteins”. Scientists nowadays liken the technique, called “fragment-based
screening”, to “constructing a key to fit a lock by cutting one notch at a time”. In this way,
more than hundred small molecules that bind to KRAS were found, that binding directly to
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KRAS between switch I and switch II induce a change in the protein structure and inhibit
GEFs-catalyzed KRAS activation. Ample research focused on this strategy is in progress
now. [Sun et al, 2012].
Another current approach is based on specific mutations within KRAS and
developing an agent specific to hotspots. In 2013 a compound known as G12C was
developed to target the corresponding KRAS mutation, which is found in 20% of lung
cancers, places cysteine, which easily reacts with various molecules, in place of glycine. This
cysteine-modifying inhibitor is now at the pre-clinical stage [Ostrem et al, 2013; Zhu et al,
2014].
One of new avenues in this research area is developing drugs for “personalized
medicine,” that work in patients with specific RAS mutations. “The new concept is based on
employing oncogene-induced senescence (OIS), which is considered a powerful tumour
suppressor mechanism. Another group demonstrated a new target - Caveolin-1, which acts as
a scaffolding protein to functionally regulate signaling molecules” [Nunez-Wehinger et al,
2014]. The lack of caveolin-1 expression was shown to inhibit oncogenic KRAS
(KRasG12V)-induced premature senescence, leading to therapeutic benefit in mice model
[Halim et al, 2012].
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Chapter 2. Review: CDCP1 as a target for RAS pathway

2.1.

Rationale of research
Another way to target RAS pathway was demonstrated by Professor J. Wells. His

group was interested in targeting RAS pathway and the approach they chose was to analyze
the surfacome of RAS-driven cancer cells by a comparison with well-characterized nontumour epithelial cell line MCF10A with the same cell line transduced with KRASG12V.
Instead finding a protein with downstream effects on RAS pathway, the idea was to find any
protein(s) that may distinguish the cells carrying RAS mutation from the normal healthy cells
[Martinko et al, 2018].
Glycoprotein capture and enrichment proteomic method was adapted to quantitatively
measure surface proteins levels of expression using SILAC and LC-MS/MS [Hoedt et al,
2014]. After thorough data analysis and eliminating equivocal results, a total of 17 proteins
were found to be significantly upregulated in KRASG12V expressing cells, including
proteins responsible for cell adhesion, cell-cell adhesion and motion. 13 of these 17 proteins
were reversibly influenced after treatment with MEK-inhibitor (i) but not AKTi and EGFRi
suggesting MAPK contribution to increased invasiveness, metastasis, and epithelial to
mesenchymal transition [Zhou et al, 2017]. As the next step these results were validated in
vitro using the newly synthesized recombinant monoclonal Abs. To develop Abs, seven top
candidates were chosen with at least 2-fold upregulation detected by both mass spectrometry
and RNAseq, including CDCP1.Phage display technique was then applied to prepare
antibodies [Hammers et al, 2014]. Resulting antibodies were tested according to the
recommendation of the Working Group for Antibody Validation. Binding and specificity
were confirmed via Flow Cytometry and CRISPRi knockdown, respectively. Using
synthesized Abs expression of top seven candidates was assessed in eight cancer cell lines
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known to harbour oncogenic RAS mutations, including human Pancreatic Ductal
Adenocarcinoma Cancer (PDAC) [Deer et al, 2010]. Only one out of the seven candidates,
specifically CDCP1, was found to be overexpressed in all panels of the analyzed cell lines.
Anti-CDCP1 antibody, 4A06, was further confirmed to possess an ability to selectively
deliver cytotoxic payload to mutant KRAS cells and mediate T cell activation in vitro using
NFAT-GFP transduced Jurkat T cell model [Martinko et al, 2018].

2.2.

CDCP1 (CUB domain-containing protein 1) overview
Over the recent years, significant interest concentrated on CDCP1 that was identified

as a human tumour-associated gene. In 2001 a scientific group in Austria reported that they
identified a novel human tumour gene that they dubbed CDCP1 [Scherl-Mostageer et al,
2001]. To identify CDCP1 representational difference analysis and cDNA chip technology
were mainly utilized. The report stated that “this gene consisted of eight exons and the
upstream region and, interestingly, contained neither a TATA- nor a CCAAT-box upstream
of it. Notably, the CpG site was located around the transcription start” [He et al, 2010].
Before its identification, a cleaved form of the CDCP1 protein was described separately as a
“78-kDa tyrosine phosphorylated protein observed after the loss of integrin alpha-6,beta-4mediated human keratinocytes adhesion” [He et al, 2010].

2.3.

CDCP1 structure
The CDCP1 protein is a Type-I transmembrane glycoprotein. It is also known as

SIMA135, gp140 and, more recently TRASK (Transmembrane protein associated with Src
kinases). It is 836 amino acids long and consists of a 29-amino-acid-residue terminal signal
peptide, an extracellular domain, a transmembrane domain and a cytoplasmic domain
containing nearly 150 amino acids [Uekita et al, 2011].
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The first domain to review is extracellular, and it consists of CUB domains (for
complement C1r/C1s, Uegf, Bmp1). The CUB domainis a structural motif of about
100 residues characterized by an immunoglobin-like fold and it is most likely
involved in protein–protein interactions [Dirican et al, 2016]. The CUB domains were
reported to take part in embryogenesis and organogenesis. Full-length CDCP1
undergoes protease cleavage in cancer cells and keratinocytes. The cleavage sites are
located in the extracellular domain at Arginine-368, Lysine-369 (serine protease
cleavage sites) and at Lysine-277 (trypsin cleavage site). Upon cleavage, a smaller Cterminal membrane protein is generated, also described in literature as the “70–85kDa fragment of CDCP1” [Yang et al, 2015; Wortman et al 2009; He et al, 2018].



Cytoplasmic domain of CDCP1 includes five conserved residues of tyrosine that can
be phosphorylated by Src family kinases. Two proline-rich stretches potentially
capable of binding Src homology 3 (SH3)-containing proteins are located in this
domain as well [Yang et al, 2015; Wortman et al 2009; He et al, 2018].



CDCP1 contains 14 putative N-glycosylation sites.
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Figure 6. Graphic representation of the CDCP1 structure. CDCP1 is composed of
cytoplasmic domain, transmembrane domain, extracellular domain and a short signal
peptide. Extracellular domain of CDCP1 consists of three CUB domains. It also includes
several protease cleavage sites: R368, K369 (serine protease cleavage sites) and at K277
(trypsin cleavage site). Adapted with permission from: [Uekita et al, 2011].

The CDCP1 gene was “mapped to chromosome 3p21-p23 using fluorescence in situ
hybridization (FISH)” [Zubacova et al, 2011]. After that the expression profiling was
performed via RT-PCR with various cell lines and “specifically designed laser capture micro
dissected colon cancer biopsies, the CDCP1 mRNA was found to be approximately 6 kb and
to be overexpressed in some human cancer tissues, such as colon and lung” [Zeng et al, 2017;
Kurosawa et al, 2016; Andre et al, 2006]. Also this mRNA was found to be present in breast
cancer tissues. [Scherl-Mostageer et al, 2001].
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2.4.

CDCP1 function
CDCP1 was shown to play a significant role in malignant progression in a number of

cancers, including kidney, lung, ovary, colon, rectum and pancreas [He et al, 2016; Kubelac
et al, 2015]. It also contributes to survival, migration and anchorage-independent cell survival
and was found to contribute to anoikis resistance which is a “form of programmed cell death
occurring in the anchorage-dependent cells when they detach from surrounding extracellular
matrix” [Talukdar et al., 2018]. Inhibition of this type of apoptosis is critical for tumour
metastasis [Liu et al, 2011; Chiu et al, 2017; Nakashima et al, 2017; Wright et al, 2017].
CDCP1 expression is driven by activating upstream signaling pathways such as
EGFR and RAS/MEK [Dong et al, 2012]. Activation of EGFR stimulates activation of RAS
and inhibits proteasome-dependent degradation of CDCP1. As a result, CDCP1 accumulates
and its recycling to the cell membrane increases. Activating RAS proteins significantly
promotes CDCP1 mRNA and protein expression through stimulating MEK signaling
pathway. Moreover, hypoxic conditions, a common microenvironment for cancer cells, are
known to contribute to CDCP1 overexpression and activation (Figure 8) [Uekita et al, 2014].
CDCP1 can directly bind to HER2 receptor, driving tumourogenesis and promoting
resistance to trastuzumab (anti-HER2 monoclonal antibody) therapy [Alajati et al, 2015;
Wright et al, 2016]. Furthermore, CDCP1 contributes to doxorubicine resistance and
resistance to anti-EGFR therapeutics gifitinib and cetuximab [Karachaliou et al, 2018; Chiu
et al, 2017].
Other downstream effects of CDCP1 are due to activation of PKC and Src signaling
pathways. As a major substrate of Src family kinases (SFKs), it mediates migration and
resistance to therapy. Src-dependent pathways activate PI3K/Akt signaling to promote cell
survival. Importantly, CDCP1 affects only the detached cells. SFKs are the key regulators of
various cell functions, including cell cycle and proliferation, cell adhesion, cell migration
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under the control of extracellular stimuli. Numerous studies demonstrated elevated activity of
SFKs or increased protein expression in a broad panel of human cancers. The elevated
activity of SFKs frequently correlates with the higher rates of tumour development,
methastatic potential and poor outcomes in general. [Ingley et al, 2008; Leroy et al, 2015; Li
et al, 2010; Shattil et al, 2005; Pace et al; 2006].
Lately it has been shown that CDCP1 cleavage is necessary for its activation, and it
stimulates CDCP1 homodimerization. Full length CDCP1 (flCDCP1) can bind to Src or
PKC with no downstream effects. Cleaved CDCP1 (cCDCP1) can form homodimers,
allowing both Src and PKC bind to cCDCP1 in close proximity to each other and facilitate
phosphorylation of protein kinase C  (PKC) by Src kinase, leading to migration and cell
invasion (Figure 7). In this case cleaved CDCP1 dimers act as “docking stations” [Wright et
al, 2016].

Figure 7. Dimerization of CDCP1 as an important factor of CDCP1 activation. Full length
CDCP1 (flCDCP1) binds to Src or PKC with no downstream effects. Cleaved form of
CDCP1 (cCDCP1) can form homodimers, allowing both Src and PKC to bind to cCDCP1
in close proximity to each other and facilitate phosphorylation of protein kinase C  (PKC)
by Src kinase, leading to migration and cell invasion. Adapted with permission from: [Wright
et al, 2016].
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CDCP1 is also known to regulate lipid metabolism by reducing cytoplasmic lipid
droplet (LD) abundance and promoting fatty acid oxidation (FAO) and oxidative
phosphorylation. Disrupting lipid metabolism most likely contributes to progression and cell
migration in triple-negative breast cancer [Wright et al, 2017] and some other cancers [Luo et
al, 2017; Huang et al, 2015; Aguirre-Portoles et al, 2017] as the required amount of energy is
produced.

Figure 8. CDCP1 signaling pathway. Effects of CDCP1 include proliferation, survival and
migration. It also reported tomediate resistance to chemotherapies. Hypoxic conditions
inside the tumour increase CDCP1 expression. Adapted from: [He et al, 2015].

2.5.

CDCP1 expression in normal tissues
The expression of CDCP1 in human tissues was studied by Northern blot. Moderate

levels of expression were observed in kidneys, small intestine. A lower signal was detected in
peripheral blood T cells. A borderline specific signal was present in skeletal muscles, colon,
placenta and lung. mRNA was not detected in several organs like heart, spleen, liver and
brain [Hooper et al, 2003].
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Figure 9. CDCP1 expression in various human tissues. (Obtained from proteinatlas.org)

Moreover, CDCP1 was proved to be moderately expressed on cells with both
mesenchymal stem cell and neural progenitor cell phenotypes, which opens a possibility to
apply CDCP1 in the field of stem cell research [Vincent et al, 2016].

2.6.

CDCP1 expression in cancer
CDCP1 protein levels were assessed by IHC in samples of biopsies derived from

subjects with colon and breast cancer of various ages and sexes with the use of polyclonal
and few monoclonal antibodies. The results demonstrated significant levels of CDCP1
expression in colon cancer with an important observation that the connective tissues were not
stained beyond statistically insignificant levels. A similar pattern of CDCP1 expression was
also observed in about 95% of breast cancer samples. In addition to these diseases, cell
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samples from other tumours were tested and “predominant staining of epithelial cells derived
from a lobular mammary carcinoma was shown” [Buhring et al, 2004]. These data complied
with the previous observations regarding mRNA levels. Further studies demonstrated
elevated levels of CDCP1 in samples from some aggressive epithelial cancers. Most
importantly, these levels of CDCP1 were clearly shown to directly correlate with “poor
prognosis, higher relapse rate and occurrence of metastases” [Buhring et al, 2004].

Figure 10. CDCP1 RNA expression in different cancers. The Cancer Genome Atlas dataset.
(Obtained from proteinatlas.org)

2.7.

Current clinical applications based on CDCP1
CDCP1 has proved to be a potent biological marker deserving to be investigated as an

effective target for anti-cancer therapy. To do that, the main goal would be to identify the
desired mode of action to develop useful therapeutics. Clearly, despite significant advances in
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understanding the CDCP1 role, there is still very little actual benefit from this knowledge to
the clinical diagnostics and treatment of cancer. Many groups are now trying to shed light on
these questions and synthesize potent anti-CDCP1 antibody.
25A11 for Metastatic Prostate cancer. The first anti-CDCP1 antibody to test was
25A11. In cell culture experiments, it was shown to inhibit prostate cancer invasiveness [Siva
et al, 2008].
Treatment with the same antibody coupled with cytotoxin saporin (a ribosomeinactivating toxin) resulted in inhibition of methastatic prostate cancer in a mouse xenograft
model. This was a significant milestone in CDPC1 research. In a preclinical study 25A11 was
shown to inhibit tumour cell migration and invasion in cultures. Further studies were
conducted and 25A11 was demonstrated in fact to internalize. So, when conjugated to
saporin, 25A11 was shown to inhibit primary tumour growth. Further observations
demonstrated that “size and incidence of lymph node metastases also decreased in a prostate
cancer spontaneous metastatic tumour model” [Siva et al, 2008]. Today 25A11 antibody is
commercially available for flow cytometry, immunohistochemistry (IHC) and ELISA
application.
RG7287 for metastatic lung cancer. Another therapeutic antibody to test was
RG7287. Kollmorgen et al reported that: “Prolonged RG7287 treatment induced
internalization and down-regulation of CDCP1 in several cancer cell lines. In xenograft
models with endogenous CDCP1 expression, RG7287 treatment resulted in significant
tumour growth inhibition concomitant with substantially reduced CDCP1 levels.”
[Kollmorgen et al, 2013].
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Figure 11. Effect of anti-CDCP1 antibody RG7287. H322M (human lung, cervical node
metastasis) cells were cultured on fetal calf serum-coated glass coverslips. RG7287 antibody
or human isotype control were applied for 5 h at concentration 10 μg/ml. The cells were
stained for CDCP1 and Lysosomal-associated membrane protein 1 (LAMP1), a protein
associated with high metastatic potential. Adapted from: [Kollmorgen et al, 2016].

41-2 for prostatic cancer. Another monoclonal antibody, 41-2, was used to study
extravasation step of metastasis on prostate cancer tumour cell line expressing CDCP1. 41-2
was confirmed to efficiently inhibit tumour extravasation, underscoring the functional
importance of CDCP1 during this process. Even single treatment with mAb 41-2 dramatically
decreased dissemination of PC3-hi/diss cells from primary tumours. Moreover, this group
provided insights into CDCP1 functions as a pro-survival molecule in the metastatic cascade
[Deryugina et al, 2009]. No further preclinical or clinical studies with neither 41-2 nor
RG7287 antibodies were reported.
4A06 for RAS driven cancers. Last but not least, anti-CDCP1 antibody 4A06,
developed for testing CDCP1 expression on cancer cell lines and confirmed to be able to
selectively deliver cytotoxic payload to mutant KRAS cells and mediate T-cell activation was
shown to have high affinity to CDCP1 receptor [Martinko et al., 2018]. The potential of this
antibody as a diagnostic tool and a radio therapeutic agent will be demonstrated and
discussed in greater detail in the following chapters.
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Concluding it is well known that the migration of tumour cells into blood stream is
the first and crutial step of cancer metastasis. The presence of tumour cells in circulation was
clinically observed to be a prognostic factor for poor overall survival in patients with various
types of cancer. Overall, CDCP 1 has a significant potential as it is expressed in tumour
tissues and plays a functional role in tumour metastasis and migration. Taking the
aforementioned into consideration, this protein represents a valuable target for both
therapeutic and diagnostic studies. Antibody treatment that downregulates the function of
CDCP1 or destroys tumour cells would have significant clinical relevance.
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Chapter 3. Antibodies for imaging and therapy in cancer research.

3.1.

Overview of basic structure and function
Antibodies (Abs) are the secreted form of the receptor of B cells, i.e., an antibody is

identical, in terms of its specificity, to the B-cell receptor of the cell that secretes it. The only
difference is a portion of the C-terminus of the heavy-chain region, which is constant. In the
B-cell receptor the C-terminus is a hydrophobic sequence that is anchored to the membrane,
while in antibodies it is a hydrophilic sequence. Antibodies are soluble and are secreted in
large quantities making it relatively easy to obtain and study them [Alberts et al, 2002;
Janeway et al, 2001].
An antibody consists of three parts of approximately same size, connected by a tether
[Grawe et al, 2017]. These molecules carry out a dual task, binding to a wide variety of
antigens and interacting with a limited number of effector molecules and cells. All antibodies
are designed in the similar way and the term immunoglobulin is used for all of them [Valent
et al, 2016].
There are two types of light chains, lambda (λ) and kappa (κ). “In different organisms,
the ratio of chains differs. In mice, the κ to λ ratio is nearly 20:1, in humans it is close to 2:1
and in cows it is reversed and equals 1:20” [Li et al, 2007]. The class, and therefore the
effector function, is defined by the structure of antibody’s heavy chain. There are five main
heavy-chain types that define classes of antibodies: immunoglobulins M, D, G, E, and A.
IgGs are most relevant for cancer research [Janeway et al, 2001; Redey et al, 2008].
Antibodies are frequently subdivided into antigen binding (Fab) and constant (Fc)
fragments. The Fab contains the variable region, which consists of three complementarity
determining regions (CDRs) that form the antigen binding site of the antibody and provide
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for antigen specificity. The Fc fragment enables antibodies to link to immune effector cells
(Figure 12) [Louis et al, 2010].

Figure 12. IgG structure and function. (Obtained from: https://bxcell.com/antibodystructure/).

Functional subtypes of IgG, mainly IgG1 and IgG3, are responsible for the activation
of the complement pathway. The binding of two or more IgG molecules to cell surface
(antigen) activates the complement system through high-affinity binding of the C1 complex
to the Fc region and a complement system cascade. This results in developing the pores by
the membrane attack complex (MAC) on the cell surface and, ultimately, cell lysis
[Dunkelbreger, et al, 2010]. Chemotactic complement molecules C3a and C5a lead to
recruitment and activation of immune cells (macrophages, neutrophils, basophiles and others)
[Zipfel et al, 2009].
A lot of attention focused on antibodies’ ability to activate multiple pathways such as
RAS/MAPK, mTOR and EGFR to name a few, that are critical in cancer development and
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can provide unique treatment and diagnostic, as well as prognostic opportunities [Johnson et
al, 2006; Nishio et al, 2015; Sashacharyulu et al, 2012; Troiani et al, 2014].

3.2.

Classification and development
Polyclonal Antibodies. The first antibodies used for cancer research were produced by

immunizing an animal (usually a mouse) with human tumour cells or cell extracts. After
harvesting, a variety of antibodies against a wide spectrum of antigens was obtained, some of
which were "tumour specific". Since these antibodies were derived from many B-lymphocyte
clones, the term "polyclonal" is used to describe them. Notably, substantial variation occurred
when this production method was used [Nakazawa et al, 2010].
Monoclonal Antibodies. In 1975, Kohler and Milstein developed a method for
selecting clones of cells that produced pure antibody against a single antigen [Kohler et al,
1975]. Animals were immunized with an antigen source, as in the case of production of
polyclonal antibodies. Required cell clones were then grown in artificial cell systems or
animals to produce large amounts of pure antibody. This allowed for mass production of
antibodies for clinical use [Backer et al, 1988].
Fab' Fragments. Smaller molecules tend to get clear faster, and this observation has
led to the development of a technique, whereby whole antibodies are split into antibody
fragments which maintain immunoreactivity. Given the fact that the specificity of antibody
binding depends on the variable region of the IgG molecule, elimination of the constant
region should produce faster clearance without compromising affinity. Fab' fragments
consist of variable regions of one heavy chain (VH) and one light chain (VL), while F(ab')2
fragments consist of two Fab(v) fragments connected at the hinge region. They are
approximately 30 and 60%, respectively, of the molecular weight of intact antibody. These
fragments are cleared from non-tumour sites more quickly due to their smaller size and also
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move faster through extravascular space into the interior of the tumour [Nisonoff et al,
1960].
Chimeric Antibodies. Another approach to reducing the amount of mouse protein in
an antibody is to fuse the variable region of murine monoclonal antibody of interest to the
constant region of human antibody, either chemically or using genetic engineering
techniques. Resulting antibodies were named "chimeric". Their antigenicity is similar to that
of antibody fragments [Morrison et al, 1989].
"Humanized" antibodies were developed through genetic engineering techniques by
grafting the complementarity-determining regions of mouse antibodies into human
molecules. hAbs are expected to have antigenicity similar to FV fragments while retaining
other characteristics of a whole antibody [Mayhofer et al, 2018].
Human Antibodies. Antigen-stimulated human B lymphocytes from cancer patients
are modified and grown in media that allows harvesting high-purity antibody. Low to none
antigenicity was confirmed in clinical trials, in which no antigenic responses were detected
in patients receiving multiple injections of human antibodies [Steis et al, 1990].
Bifunctional Antibodies. Another modification is the development of bifunctional
antibodies that have an ability to bind to tumour-associated antigens as well as to a
radiolabeled ligand. This development was fundamental for radiolabeling in which the
unlabeled antibody is injected first, followed by injection of the labeled ligand after
clearance of unbound antibody from the blood pool. It significantly decreases background,
allowing detection of small lesions, for example enhanced detection of liver lesions using
Indium-111 [Stickney et al, 1991].

3.3.

Scientific and clinical applications
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Antibodies in modern science are used therapeutically both as biological agents for
direct effect and as a tool for targeted delivery of other active molecules to specific sites. In
addition to that, there is a growing number of studies demonstrating application of antibodies
in the field of molecular imaging, where they are labeled with various dyes, proteins and
isotopes for further visualization.
Direct therapeutic effect of antibodies is achieved by activating complement via mAb
opsonization of tumour cells that elicit immune response. This process starts by engagement
of antibody receptors on immune effector cells after activation of complement. Complement
was reported to play a significant role in modulating the anti-tumour function of many
antibodies by complement/antibody-dependent cytotoxicity and through the effects it
indirectly exerts on tumour microenvironment. Notably, complement activity can have
certain negative effects and the balance of such effects and treatment efficacy remains an
important issue to be resolved [Rogers et al, 2014].
Another type of Ab-induced tumour cell killing happens as a result of effects on
tumour cell signaling. Tumour signaling is affected when antibodies interfere with growth
signaling through binding with membrane receptors. Abs can also neutralize cytokines
crucial for cell proliferation. This observation led to many pre-clinical studies aiming to
specify targets that could be validated as clinically relevant. One of the most important
targets is the EGFR, which is overexpressed in a number of different oncological diseases.
During binding to a ligand, EGFR receptor dimerization occurs which activates tyrosine
kinase domain and, via MAPK pathway, promotes cell proliferation and migration. This was
exploited therapeutically during development of Cetuximab – a “chimeric EGFR-specific
IgG1 monoclonal antibody which induces cell cycle arrest and apoptosis in tumour cells by
blocking ligand binding and receptor dimerization” [Redman et al, 2015].
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Antibodies can provide for indirect therapeutic effect as well, by serving as delivery
systems carrying isotopes and/or drug conjugates (ADCs). Ibritumomab, a mouse anti-CD20
antibody, can serve as an example of isotope-carrying model. This radiotherapeutic was
approved a decade ago for treatment of NHL. Moreover, it showed efficacy in Rituxanresistant lymphoma due to massive focal irradiation of the tumour cells. Another example of
ADC is Gemtuzumab, which is an anti-CD33 (a common marker of myeloid leukemic blast
cells) recombinanthumanized monoclonal antibody. The antibody is linked to calicheamicin
and was the first out of the two ADC approved by the FDA for use in patients with relapsed
AML. Sadly, this antigen is also expressed on myeloid lineage cells and Ibritumomab use
was accompanied by significant adverse effects, so it is currently withdrawn. Serious side
effects are an “Achilles’ heel” of ADC systems as only two ADCs out of hundreds reported
in pre-clinical settings reached patients [Pathak et al, 2012].
Another application for antibodies is molecular imaging. It is a growing field aiming
to expand the role of antibodies in oncology by adding research and diagnostic components
to it. Antibodies are now considered as a robust molecular imaging tool to interrogate cell
surfaces in vivo. Identifying and researching the important biomarkers as targets for imaging
laid the ground a new generation of mAbs optimized for in vivo visualisation. Progress in
molecular visualization and availability of new and robust radionuclides provide for a
broader implementation of immuno- SPECT and PET. There is an agreement in the clinical
and scientific communities that “Abs imaging can provide a sensitive, noninvasive means of
molecular characterization of cell surface phenotype in vivo” [Wu et al, 2008]. Therefore,
progress in this area can be beneficial for diagnosis, prognosis and therapy selection as well
as monitoring of treatment in cancer.
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3.4.

Development of radiolabelled antibodies for diagnostics and therapy of cancer
In the 90s FDA approved the use of a radiolabelled antibody in patients with cancer

for diagnostic purposes. It was CYT-103 (OncoScint OV/CR) labelled with Indium-111. This
antibody is specific to a tumour-associated glycoprotein TAG-72 of murine origin previously
found in several mucin-producing adenocarcinomas [Markowitz et al, 1993]. After this
advance, the field of radiolabelled antibodies expanded and soon the first therapeutic success
using radiolabelled antibodies was reported in the treatment of lymphoma [Press et al, 1999].
Since then, radiolabelling techniques became well-established and radiolabelled antibodies
are now an accepted clinical and laboratory reality. Treating solid tumours represents a current
challenge since they are resistant to radiations and, due to a low accessibility to large
molecules, keep clinical efficacy of Abs at a low level. However, radiolabelled antibodies
used in minimal or small-size metastatic disease demonstrated significant clinical efficacy that
merits further research [Kohler et al, 1975].
Recombinant antibodies have shown “considerable potential for increasing the
therapeutic index of radiolabelled antibodies” [Chames et al., 2012]. In many cases the preclinical studies end up with successful translation into clinical trials and wide application.
Furthermore, a significant number of new radioisotopes, such as Lutetium-177 and
Zirconium-89, with favourable properties have further improved the safety of radiotherapy
using antibodies. Some new research suggests that “alpha particle and Auger electron
emitters can be used to target microscopic clusters of tumour cells, opening the possibility to
kill the “last tumour cell”, which is the “Holy Grail” in cancer therapy”. Several pre-clinical
and clinical studies have confirmed the potential of this approach [Aghevlian et al, 2017].

51
3.5.

Radiolabelling
The procedures of radiolabelling antibodies are well-established. The major factors

are considered to be: the choice of radionuclide and the method of conjugation. While at the
first stage of development in 80s the iodination techniques were prominent, currently the
major emphasis is put on the methods of conjugating metallic radionuclides using chelating
agents as it is a proven technique of producing clinically useful radiolabelled antibodies.
Choice of the Isotope. In the process of choosing an isotope for biological application
several factors should be considered; count rates should be high enough, the radiation dose
should be safe for the patient and the efficiency of interaction with the gamma camera crystal
should be sufficient. As the interest to the field of antibody-based therapy in oncology grew,
so did the number of studies focused on the development of diagnostics for these treatments
in particular nuclear imaging agents. In addition to general factors, the major specific
requirement in the construction of antibody-based nuclear imaging agents is similar physical
half-life of the radioisotope and the half-life of the immunoglobulin [Zeglis et al, 2011].
Antibodies have somewhat slower pharmacokinetics and usually need days to reach their
peak biodistribution. This makes various isotopes from

111

In to 99mTc with half-lives from

several hours to several days good candidates for antibody-based nuclear imaging.
Each of these isotopes has both advantages and disadvantages.
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Cu was successfully

used for antibodies in multiple pre-clinical studies in smaller animals such as mice and rats.
The chemistry of the procedures was worked out very well and the outcomes were promising,
but during translation into clinic its 12.7 h half-life was proved to be ineffective due to the
slower pharmacokinetic conditions of imaging in human body [Anderson et al, 1992; Cai et
al, 2007].
Another promising candidate -

86

Y - had a number of successful applications in

preclinical trials but its short half-life was a limiting factor for human imaging in addition to
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decay characteristics and quite laborious and expensive radionuclide production and
purification.
In contrast to these isotopes 124I has long been the best candidate for ImmunoPET due
to a near-ideal half-life that resulted in optimal antibody-based imaging [Verel et al, 2004].
But recently its value was questioned because of low resolution, high energy of its positrons,
only 24% emission rate of positions, and dehalogenation of 124I-labelled antibodies in vivo.
These negative factors combined substantially limit its clinical potential. Iodine-123 is
chemically identical to Iodine-131 and close to Iodine-124 but has no beta emission and a
much shorter half-life (13 hours). Its efficiency with the gamma camera is almost as good as
that of technetium-99m. Unfortunately, Iodine-123 is quite expensive and is not readily
available.
Nowadays, there are two more isotopes that are considered as potentially optimal
candidates - 111In and 67Ga as both of them have favourable physical half-lives and behaviour
for antibody-based imaging. However, at this moment SPECT limitations lead to the growing
interest in the clinical implementation of immunoPET compaired to immunoSPECT. [Chan
et al, 1987].
It would be prudent to mention a number of studies done with

99m

Tc, which was

judged to be a poor choice for this field due to limitations based on used modality (SPECT)
and relatively short half life. [Sapienza et al, 2002].
The task to select a better suited isotope for antibody-based imaging lead several
groups in investigating 89Zr as imaging agent. [Diikers et al, 2009; Munnink et al, 2010]. 89Zr
has beneficial characteristics for this approach. Its half-life of 78.4 h is better suited to
antibody-based imaging and it is logistically less challenging in clinic as it is safer and
cheaper. In addition, it’s stabililty is a factor as well is the fact that it residualizes in tumours
more effectively than most other probes [Perk et al, 2005].
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The recent addition to the list - the 177Lu radionuclide - has attracted a lot of attention
in academic, commercial and clinical communities as a viable candidate for a variety of
therapeutic and diagnostic procedures. Currently

177

Lu has became a key therapeutic

radionuclide for preclinical studies with a rapid translation into clinic. The interest in 177Lu in
cancer research has developed from significant advances in molecular and cell biology
applicable for targeted molecular therapies. Its physical characteristics such as mostly β particles emission with the range of E

β(max)

from 176 to, predominantly, 497 keV (78.6 %)

and some low-energy gamma photons [Ashutosh et al, 2015].
89

Zr isotope stays intracellularly after the internalization of antibody-antigen complex

which allows radioactivity to gather in tumour cells, increasing concentration in comparison
to other tissues. Fast clearance of non-specific activity from the body, results in superior
contrast images. Due to relatively long half-life of

89

Zr it becomes possible to perform

imaging several days after injection. Delayed visualization allows a reduction of background
signal and results in noticeably improved images.
There are several examples of success in using 89Zr immunoPET to monitor therapy
effect and as a prognostic factor. One of the examples is the study in ovarian cancer
envolving

89

Zr-bevacizumab treatment in combination with heat shock protein 90 inhibitor

(NVP-AUY922). HSP90 inhibition has a profound antiangiogenic effect and results in a
decrease in the VEGF secretion. Therefore, 89Zr-bevacizumab works as biomarker for the
HSP90 inhibition. This approach provides means for quantifiable visualization of early
antiangiogenic response in vivo [Nagengast et al, 2010].
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Table 2. Clinically available radioisotopes for antibody labelling.
Radionucleide

t1/2

Average β+
Enrgy/ I β+
(%)

Principle Ꝩ
Emissions/ Iᵧ
(%)

Optimal
Production
Method

Typical
Chelators

Theranostic
Partner
Isotope

89

78.4 h

396keV/ 23%

909 keV/ 99%

Cyclotron

-

64

12.7 h

278 keV/ 18%

-

Cyclotron

86

14.7 h

660 keV/ 32%

Cyclotron

52

5.6 d

242 keV/ 29%

Cyclotron

DOTA

-

55

17.5 h

570 keV/76%

Cyclotron

Tb

17.5 h

1140 keV/ 20%

DOTA HBED
TETA NOTA
DOTA

58m

152

1076 keV/ 83%
628 keV/ 33%
1153 keV/ 31%
777 keV/ 22%
1921 keV/ 21%
1854 keV/17%
1434 keV/
100%
935 keV/ 95%
744 keV/ 17%
931 keV/75%
1409 keV/ 17%
-

DFO HOPO
DOTA
NOTA DOTA
TETA SAR
family
DOTA DTPA

90

Nb

14.6 h

620 keV/ 51%

DPOA

-

66

9.3 h

1750 keV/ 57%

Cyclotron

DOTA NOTA

71

72

26.0 h

1170 keV/ 88%

Cyclotron

77

69

39.1 h

490 keV/ 24%

Trithiol / lipoic
acid
Metal oxide
nanoparticles

Zr
Cu
Y

Mn

Co

Ga
As
Ge

1129 keV/ 93%
2319 keV/ 82%
141 keV/ 67%
2186 keV/ 18%
1039 keV/ 37%
2752 keV/ 23%
4295 keV/ 4%
834 keV/ 81%
630 keV/ 8%
107 keV/ 36%
574 keV/13%
872 keV/ 12%

Protoninduced
spallation
High energy
cyclotron

Cyclotron

67

Cu

90

Y

161

Co

Tb

Ga

As

-

Success of 89Zr-based probes in imaging of rat and mouse cancer models resulted in
clinical translation, especially for 89Zr-labelled antibodies. One of the groups reported
“using 89Zr-trastuzumab for imaging Her2-positive lesions in patients (n=14) diagnosed with
metastatic breast cancer” [Diikers et al, 2010]. Studies with the 89Zr-trastuzumab resulted in
“high quality images, with high spatial resolution and good signal-to-noise ratio due to high
uptake in tumour”. In this study “the radiation dose to patients was attenuated compared to
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the 89Zr-cmAb-U36 investigations: patients received 37 MBq 89Zr-trastuzumab for an
average dose of 20 mSv” [Strosberg et al, 2017].
Another significant success in the field is clinical approval of

177

Lu-Dotatate

(Luthathera) for use in patients. At the late stages of clinical trials in 2017 the treatment with
Luthatera resulted in “markedly longer progression-free survival and a higher response rate
than regular treatment among patients with midgut neuroendocrine tumours. Clinically
significant myelosuppression occurred in roughly 8% of patients in the Luthatera group”
[Strosberg et al, 2017].

3.6.

Methods of coupling of antibodies to radionuclide
Two main methods of coupling of antibodies to radionuclide are iodination (or

attaching isotope of iodine) and conjugation with radio metal. Both types of the procedures
were developed as a result of many years of dedicated research.
Radioisotopes of iodine (123I,

125

I

131

I) have been extensively used for labelling

antibodies due to their ease of handling and long enough half-lives. The chemistry of iodine
can form stable covalent bonds minimally altering the protein backbone. It is introduced
directly by halogenation (in presence of enzymatic or chemical oxidants) of tyrosine and
histidine residues of Abs. Common agents that are used as chemical oxidants are Iodogen,
and Chloramine-T. There have been many reports of using them for direct labelling in order
to convert sodium iodide to iodine form. According to previous studies, “in order to achieve
higher labelling efficiency, the oxidant should be compatible with the aqueous solution of the
protein and should not affect the protein structure. It is considered that Iodogen method
achieves less specific activity, but has better effect on protein stability” [Gupta et al, 2014].
Conjugation of metallic radionuclides (89Zr,

177

Lu, etc) to antibodies requires a chelating

agent. The choice of chelating agent specifically relies on the properties of the radiometal
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ion. The chelator is a source of donor atoms, which stabilize metal complex. Usually, a bifunctional chelating agents (BFCA) are used. They can bind covalently to monoclonal Abs
and chelate radiometals simultaneously without affecting their kinetic and thermodynamic
stability. Chelators like DOTA (1, 4, 7, 10-tetraazacyclododecane-1, 4, 7, 10-tetracetic
acid), DTPA (NR-diethylenetriaminepentacetic acid), NOTA (1, 4, 7-triazacyclononane-1,
4, 7-acetic acid), DFO (p-SCN-Bn-Deferoxamine) have been used for radiolabelling
antibodies for radioimmunotherapy and radioimmunodiagnosis. Labelling antibody with
heavy metal radionuclides (177Lu,
Sarduy et al, 2018].

99m

Tc) and radiohalogen (125I) is described [Aluicio-
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Table 3. Parameters important for the choice of potential PET‐radiometals. Decay
properties, production methods, chelators, and theranostic pairs.

Radionuclide

Technetium99m

Indium-111

T1/2 (h)a Emissionsb

6.0

67

E max (keV)c



140



171 and 245

Range (mm)c

Labelling method

Direct labelling
or N2S2 or
N3S
complexes
DTPA, DOTA

Iodine-123

13.3



159

Fluorine-18

1.83

+

633

3.0

Gallium-68

1.13

+

1,899

9.1

DOTA, NOTA

Copper-64

12.7

+
−

653
579

3.1
2.8

+

902

4.3

Many different
chelating
agents
DFO

Zirconium-89

78

Iodine-124

100

+

Iodine-131

193

−


1,535 and
2,138
610
362
2,250

Direct labelling
(tyrosine)

7.4 and
10
2.9

Yttrium-90

64

−

Rhenium-188

17

−


2,120
155

10

−


498
208
392–577
184

2.0

Lutetium-177
Copper-67

162
62

−


11

1.8

Bismuth-213

0.76




8,400
440

0.1

Astatine-211

7.2



5,870 and
7,450
77–92

0.055–
0.080

X

Direct labelling
(tyrosine)
Direct labelling
(tyrosine)
DOTA
Direct labelling
or N2S2 or
N3S
complexes
DOTA
Many different
chelating
agents
CHX-DTPA,
DOTA
SAB, SAPS
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3.7.

Nuclear imaging
PET or Positron-emission tomography is a type of molecular imaging that directly or

indirectly visualizes metabolic processes in the object of interest [Ter-Pogossian et al, 1975].
Its basic principles were formulated nearly half a century ago and via constant modification
and advancement it is now an integral part of nuclear medicine usually aiding in diagnosis of
disease or assessment of treatment efficacy [Weber et al, 1999].
PET consists of the ring of the detectors that detect pairs of gamma photons emitted
from the annihilation of a positron, which is injected into the body. Three-dimensional
images of isotope localization and concentration within the body are then reconstructed by
computer analysis [Vandenberghe et al, 2006].
To initiate a study, a tracer containing positron emitting isotope is injected into the
subject and after a waiting period during which the molecules or cells concentrate in relevant
tissues, the study is conducted. During the decay, a positron and an antiparticle with positive
charge are emitted. The positron encounters an electron and annihilates both electron and
positron, producing a pair of annihilation gamma photons moving in opposite directions.
Coincident events are detected in a scintillator of PET, creating light, which is detected by
photomultiplier tubes [Strother et al, 1990].
Radionuclides used for PET imaging are isotopes with relatively short half-lives from
such as

11

C and

13

N (less than 20 minutes), to more commonly used,

hours), to 89Zr and

124

18

F,

68

Ga (less than 2

I (3-4 days). These radionuclides are attached to molecules commonly

used by the body (such as glucose) or to molecules binding to receptors (Abs). Such labelled
compounds are also called radiotracers. PET technology can be used to non-invasively trace a
biological pathway, groups of cells (stem cells or T cells), or any compound in living species
provided it can be radiolabellled with a PET isotope, making the list of processes that can be
probed with PET virtually limitless [Huang et al, 2015].
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Figure 13. Schema of a PET
https://commons.wikimedia.org/wiki/)

acquisition

process.

(Obtained

from:

SPECT is another nuclear imaging technique older than PET. It is similar to planar
imaging (Gamma Camera) as it also makes use of single gamma rays emitted from injected
radioisotope; it is capable of providing three-dimensional information. This information is
presented as cross-sectional slices through the object. To do a SPECT study, the camera is
moved in circle around the patient. Projections are acquired at multiple preset positions,
every degree (more often every 3-10 degrees). 360-degree rotation is used to obtain the best
quality of a reconstructed image. Some innovative approaches such as Multi-headed Gamma
Cameras are currently used in clinic and provide accelerated acquisition (10-15 minutes)
[Magdy et al, 2011].
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Figure 14. SPECT scanner augmented with CT capabilities. (Obtaned from the Internet)

In SPECT tracers are measured directly by their gamma decay, whereas PET scanner
detects coincident annihilation events, which provides for more accurate localization of the
event and, therefore, higher spatial resolution of images compaired to SPECT. However,
SPECT is more sensitive, especially in localized areas (in comparison with full body
imaging) and can utilize larger number of isotopes [Cai et al, 2013].
Both SPECT and PET can be supplemented with Computed tomography, or CT, for
anatomical co-registration. CT is a diagnostic imaging test used to generate the crosssectional images than can be done in many planes. It employs “computer-processed
combinations of X-ray measurements taken from various angles to receive cross-sectional
(tomographic) images of specific areas of an object of interest” [Bockisch et al, 2009].
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Chapter 4. Project objectives and preliminary data

4.1.

Diagnostics and treatment of RAS-driven cancers.
RAS isoforms are among the most commonly hyperactivated oncogenes in cancer.

Although RAS itself is not “druggable”, it was hypothesized that RAS may confer oncogenic
transformation at least in part by remodeling the abundance and diversity of protein
expression on the cell surface. It was further hypothesized that cell surface proteins whose
expression was highly upregulated by mutant RAS could be targeted with small molecules or
antibodies to selectively detect tumour cells with molecular imaging, and/or treat cells with
ligand-drug conjugates.

Figure 15. KRAS mutant cell surface proteomics screen results (A). A volcano plot
depicting the results of a cell surface proteomics screen to identify proteins differentially
regulated by mutant KRAS. The upregulated hits are annotated in the upper right portion of
the plot. (B). A heat map showing the relative expression levels of the top 7 hits emerging
from the proteomics screen. Protein expression was determined with flow cytometry, and
CDCP1 was highly induced in all cell lines compared to control (HEK293T with WT RAS).
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Towards this model of “indirectly” inhibiting RAS, proteomics was recently applied
to characterize the cell surface proteomic changes driven by oncogenic RAS. A survey
conducted in MCF10A cells revealed 17 proteins significantly upregulated on the cell surface
due to oncogenic KRASG12V. Validation studies showed that the cell surface expression of
CDCP1 was most dramatically, and most consistently, upregulated in human cancer cell lines
by mutant KRAS. Moreover, using the industrial automated phage display platform within
the Antibiome center at UCSF, several highly potent and specific recombinant human IgGs
against the extracellular domain of CDCP1 were generated. The general goal of the project
was to develop and evaluate the pharmacology of

177

Lu-4A06 and

89

Zr-4A06, a novel

recombinant human antibody targeting the cancer-associated cell surface antigen CUB
domain containing protein 1 (CDCP1)
The following specific aims were set:
Aim 1. To assess toxicity, specificity, stability and biodistribution of newly
developed anti-CDCP1 antibody (4A06) labelled with 89Zr isotope
Aim 2. To assess toxicity, specificity, stability and bio-distribution of 4A06 antibody
labelled with 177Lu isotope
Aim 3. To test therapeutic potential of

177

Lu-4A06 in pancreatic ductal

adenocarcinoma cancer animal model

Preliminary Results
Preliminary results are described in the following article:


Martinko AJ, Truillet C, Julien O, et al. Targeting RAS-driven human cancer cells
with antibodies to upregulated and essential cell-surface proteins. Settleman J,
ed. eLife. 2018;7:e31098. doi:10.7554/eLife.31098.
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Development and characterization of 4A06, a potent and specific human recombinant
Fab against an extracellular epitope on CDCP1: To facilitate the discovery of high affinity
and specificity Fabs against CDCP1, the recombinant extracellular domain (ECD) was
expressed as an Fc fusion protein in HEK293 cells. A biotin acceptor tag was introduced on
the C terminus along with a TEV proteolysis site between the Fc-domain and the ECD. These
tags allow for site selective capture of the Fc-fusion on magnetic streptavidin beads, and
release of the ECD/Fab complex after TEV proteolysis. This is a custom “catch and release”
strategy designed to selectively release Fab-phage bound to ECD, while avoiding enrichment
of Fab-phage that either binds the Fc-domain or the beads themselves. The Fc-fusion was
transiently expressed in HEK293 cells and purified with Protein A for phage selection. Four
rounds of “catch and release” were performed with a well-validated synthetic Fab-phage
library (Figure 15). 4A06 was one of four Fabs identified against CDCP1, and further in vitro
characterization revealed it to have a sub nM Kd for CDCP1 (Kd = 2.8 nM). Moreover,
CRISPR deletion of CDCP1 from multiple mammalian cell lines abrogated binding of
fluorescently labelled 4A06 to cells, confirming the specificity of the antibody for CDCP1
(Figure 16).
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Figure 16. 4AO6 antibody synthesis and characterization (A). A schema showing the catch
and release phage display selection strategy used to identify 4A06, a potent recombinant
human Fab against CDCP1. (B). Flow cytometry data showing that fluorescently labelled
4A06 selectively binds to MCF10A cells with CDCP1 expression (decoy sgRNA), but not to
cells previously subjected to CRISPR/Cas9 deletion of CDCP1 (target sgRNA). These data
underscore the specificity of 4A06 for CDCP1.

89

Zr-4A06 specifically targets tumour expression of CDCP1: To evaluate if the Fab

can measure tumour autonomous expression of CDCP1 in vivo with PET, we next conducted
bioconjugation and radiochemistry on 4A06. 4A06 was functionalized with desferrioxamine
(DFO) by reacting p-isothiocyanatobenzyl-DFO with solvent exposed epsilon amino groups
on lysine residues. This resulted in an antibody chelate number of ~2. Radiolabelling was
achieved by incubating

89

Zr oxalate with DFO-4A06 for 120 min.

89

Zr-4A06 was purified

with size exclusion chromatography, and the radiochemical yield was consistently >95% with
a purity consistently >99%.
To assess specific binding in vivo, intact male nu/nu mice were inoculated with
subcutaneous HPAC xenografts, a human pancreatic cancer model with the KRASG12V
mutation, and ~3 x 106 copies of CDCP1 per cell. PET/CT and biodistribution studies
showed specific binding of

89

Zr-4A06 within 4 hours post injection. Moreover, the

radiotracer persisted in the tumour out to 24 hours post injection. Tumour uptake of the
radiotracer was significantly suppressed in mice receiving heat denatured 89Zr-4A06, or a co-
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injection of 20-fold excess unlabelled 4A06. The radiotracer uptake was also very low in
A549, a human lung cancer model with only 6 x 105 copies of CDPC1 per cell.

Figure 17. Representative microPET images of four immunocompromised nu/nu mice
bearing cancer xenografts targeted with 89Zr-labelled CDCP1 Fab. Images over time show
the tumour specific expression of CDCP1, as well as the persistent binding of the Fab to the
tumour over 24 hr (Left). Importantly, when the same Fab was heat-denatured prior to
injection or when a negative control xenograft was used, there was no observable uptake of
the 89Zr-Fab (Middle and Right). Remarkably, no uptake was observed in the mouse treated
with a sub-toxic dose of MEKi prior to imaging, demonstrating the coupling of CDCP1
expression MAPK pathway signaling in vivo. (Data are decay corrected).

Using the same technique of protein labelling with radioactive isotopes two more
independent studies were conducted.

4.2.

Imaging of PD-L1 expression with ImmunoPET
The PD-1, a short for programmed cell death-1 receptor, is present on the surface of

T-lymphocytes in an activated state. It has two ligands: PD-L1 (CD274) and PD-L2 (CD273),
which were discovered on the macrophages or dendritic cells acting as co-inhibitory factors,
which can decrease or completely stop the T-cell response. In normal conditions PD-1/PD-L1
system ensures that the immune system is activated only when it is needed, reducing the risk
of chronic autoimmune reaction.
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The idea of their existence was around for quite a while until it was proved by
scientists from Dana-Farber Institute, who discovered that cancer cells of several origins
“wear” one of those proteins, called PD-L1. It is a defense mechanism that allows the cancer
cells to avoid human immune system [Gordon et al, 2000].
The ramification of this discovery was profound as it changed the notion that tumours
are part of human body, instead by finding a way to block this PD1/PDL1 interaction, the
immune system will be able to “see” the tumour and conduct the attack. Such a clear
therapeutic concept immediately attracted major pharmaceutical companies and this field is
currently one of the best-funded areas of cancer research. Nowadays scientific community
calls this and similar systems - check point inhibitors and defines them as a relatively novel
class of inhibitors that operates by modulation of immune cell - tumour cell interaction
resulting in tumour suppression.
The first clinical trial of a PD-L1-blocking drug began in 2008 in patients with blood
cancers [Berger et al, 2008]. Currently, there are several successful implementations of
monoclonal antibody therapies against PD-1 and PD-L1. The most frequently used is
Nivolumab, an anti-PD-1 drug developed by Bristol-Myers Squibb, which is approved for
previously treated metastatic melanoma and squamous non-small cell lung cancer [Gettinger
et al, 2014]. Soon other drugs based on the same principle were introduced to treat melanoma
[Hodi et al, 2010] and other cancers like lung, prostate, renal and bladder cancers where
progress was reported in various stages of clinical trials [Garon et al, 2015; Slovin et al,
2013].
Literature

also

reports

Atezolizumab

(trade

name Tecentriq®),

a

fully

humanized, monoclonal IgG1 against the PD-L1. In late 2016, Atezolizumab was approved
by FDA for the treatment of patients with metastatic non-small cell lung cancer (NSCLC).
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The mixed and transient clinical responses to antibody-based immune checkpoint
inhibitors have stimulated a great interest in identifying biomarkers to predict which patients
are most likely to benefit from therapy. Tissue analysis has shown that tumour mutational
burden, deficiencies in DNA mismatch repair machinery, and/or checkpoint protein
expression can predict favourable outcome [Rizvi et al, 2015; Patel et al, 2015; Le et al,
2017].
However, these biomarkers generally depend on the analysis of one biopsy from
patients with widespread tumour burden and therefore can bear undesirable false positivity
and negativity. On this basis, the molecular imaging field proposed that a more holistic view
of tumour biology among all lesions in a patient might confer more reliable predictive
biomarkers.
Predicting tumour responses to checkpoint inhibitors with routine CT and PET/CT
has been challenging as progressive disease is often difficult to distinguish from responsive
disease early after the initiation of therapy [Kwak et al, 2015; Wong et al, 2017].
For instance, edema or necrosis following recruiting T-cell to the tumour
microenvironment can cause tumour enlargement that mimics progression on CT. Moreover,
18

F-fluoro-deoxyglucose (FDG) is avidly consumed by activated lymphocytes. Therefore, the

increase in 18F-FDG accumulation in the tumour microenvironment after effective therapeutic
intervention poses a challenge to distinguish this normal process from elevated radiotracer
uptake induced by progressing tumours. In both cases, observing clear radiographic tumour
responses often requires constant imaging several months of post-therapy.
Many groups have responded to this challenge by developing experimental molecular
imaging technologies targeting checkpoint proteins, antigens specific to T-cell populations
(e.g. CD4, CD8), or biological events upregulated by cytotoxic T-lymphocytes (e.g.
nucleotide salvage pathways, granzyme B) [Wei et al, 2018; Ehlerding et al, 2016]. On the
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leading edge of clinical translation are several protein-based radiotracers targeting PD-L1,
including

89

Zr-atezolizumab (atezo),

89

Zr-avelumab, and the adnectin

18

F-BMS-986192

[Bensch et al, 2017; Donnelly et al 2018]. The first available clinical data from 16 patients
receiving

89

Zr-atezo support the expected diversity of PD-L1 expression levels in clinical

disease (SUVmax between 1.6 and 46) and underscore the potential utility of imaging to
holistically measure checkpoint protein expression over a patient’s entire tumour burden.
Notably, high radiotracer uptake was also observed in many PD-L1 rich normal tissues (e.g.
liver, spleen, kidneys, lymph nodes, and intestines). Whether radiotracer sequestration in
normal tissues interferes with measurement of PD-L1 in tumours is unclear.
Therefore, reverse translational studies with 89Zr-atezo were conducted to understand
whether the measurement of tumour-associated PD-L1 expression could be improved, as well
as to begin assessing its relative strengths and weaknesses compared to

89

Zr-labelled C4, a

recombinant human anti-PD-L1 IgG1 that detects tumour associated antigen with little
“background” in normal mouse tissues. Like atezo, C4 has low nM affinity for an epitope on
the ectodomain of natively expressed human and mouse PD-L1 (EC50 = 5.5 nM and 6.6 nM,
respectively). Moreover, functionalization of C4 with desferrioxamine (DFO) for imaging did
not significantly impact its affinity (IC50 = 5.2 nM, 9.9 nM for natively expressed mouse and
human PD-L1, respectively), or the immunoreactive fraction (~93%). Although atezo was
previously radiolabellled with Cu-64 and In-111, directly comparing the existing preclinical
biodistribution data to those for

89

Zr-C4 is challenging, as the differences in bioconjugation

chemistries and biological fates of the catabolized radiometals can impact biodistribution in a
manner unrelated to the properties of the respective antibodies [Bryan et al., 2011; Lesniak et
al., 2016; Chatterjee et al., 2016]. Moreover, biodistribution studies with

89

Zr-C4 were

conducted in immunocompetent C57BL/6J and T-cell deficient nu/nu mice, while studies
with

64

Cu- and

111

In-atezo were conducted in severely immunodeficient NSG mice. As a
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recent study elegantly demonstrated, the immune status of laboratory mice can dramatically
impact immunoglobulin biodistribution in normal tissues of relevance to PD-L1 like the
spleen and bone through CDR-independent mechanisms [Sharma et al, 2018].
The goal of this study was to conduct reverse translational studies aiming to improve
quality of PD-L1 imaging and to more systematically compare characteristics of

89

Zr-atezo

and 89Zr-C4.

4.3

Targeting mTORC1 signaling to detect tuberous sclerosis complex and

lymphangioleiomyomatosis with PET
Tuberous sclerosis complex (TSC) is an autosomal dominant disease predicated on
genetic mutations that inactivate the TSC1/TSC2 complex [Crino et al, 2006; Patel et al,
2015].
TSC is generally a non-malignant yet progressive disorder that manifests itself
through a “bloom” of hemartomas in various organs from infancy into adulthood, many of
which incur debilitating symptoms (e.g. epilepsy, impaired cognitive development). TSC also
significantly elevates the risk of secondary disorders that arise in part due to TSC1/2
inactivation, including the destructive lung disease lymphangioleiomyomatosis (LAM) [Le et
al 2017].
The clinical courses of TSC and LAM are highly unpredictable. On this basis, noninvasive biomarkers of disease burden and/or activity are crucial to effective disease
management. For instance, routine electroencephalogram in asymptomatic TSC infants
captures those at high risk of developing epilepsy, which in turn motivates prophylactic
treatment with vigabatrin for seizure control [Kwak et al, 2015]. Moreover, elevated serum
VEGF-D levels in women with TSC can signal the onset of LAM, which, when combined
with high resolution CT, enables earlier diagnosis and treatment [Wong et al, 2017]. Despite
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these milestones, the overwhelming majority of clinical manifestations of TSC and LAM
have no cognate biomarker for diagnosis, predicting aggressive versus indolent disease, or
monitoring response to systemic therapies.
Although TSC and LAM are phenotypically heterogeneous, a unifying subcellular
consequence of TSC1/2 loss is elevated mTORC1 signaling, regardless of how and in what
organs clinically problematic cells manifest [Wei et al, 2018]. On this basis, we hypothesized
that a molecular event regulated downstream of mTORC1 could serve as a useful biomarker
of disease burden. mTORC1 regulates a broad spectrum of metabolic changes, including
transferrin dependent Fe(III) uptake into cells [Ehlerding et al, 2016; Bensch et al, 2017 The
possibility to use radiolabelled transferrin to non-invasively measure mTORC1 activity in
models of malignant cancers using PET was recently demonstrated [Donnelly et al, 2018].
The the primary objective of this study was to determine if non-malignant models
representative of TSC and LAM are detectable with 89Zr-transferrin.
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Chapter 5. Materials and methods

5.1.

In vitro studies

5.1.1

Cell cultures
HPAC, a pancreatic adenocarcinoma epithelial cell line was acquired from American

Type Culture Collections (ATCC). It was derived in 1985 from xenograft of moderate to
well-differentiated pancreatic adenocarcinoma.
A549, a human lung cancer was also acquired from ATCC. This line was initiated in
1972 from human lung carcinoma tissue.
B16F10, mouse melanoma cell line, growing as a mixture of spindle-shaped and
epithelial-like cells, was acquired from ATCC.
H1975, human adenocarcinoma; non-small cell lung cancer cell line from ATCC.
The stock of cells was expanded to 50 million cells and then frozen in liquid nitrogen
in aliquots of 3 million cells in 1 ml of DMSO media and cultured according to
recommendations. Each individual cell culture was not kept beyond 10 passages to minimize
the risk of mutations.
RT4, tsc2 ang1 and HCV29 cells were acquired from ATCC and subcultured
according to manufacturer’s recommendations. 97-1 human bladder cancer cell line was
kindly provided by Dr. Margaret A. Knowles University of Leeds, UK and subcultured in
F12 media Kaighn’s modification (HyCloneTM, Logan, Utah) with 10% (v/v) fetal calf
serum (FCS), 1% penicillin/streptomycin (Pen/Strep). ELT3, 105K were subcultured in
DMEM (Corning, Manassas, VA) with 10% FCS, 1% Pen/Strep, 621-101 in F12 media
(Corning, Manassas, VA) with 10%FCS, 1% Pen/Strep.
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5.1.2. Patient derived xenografts
PDX were generated from patients admitted to UC Medical Center with clear
pancreatic

ductal

adenocarcinoma

tumours,

following

an approved

IACUC

protocol AN142193-02A. Some of the tissue was used for in vitro evaluation, including
preparation of single cell suspension for Flow Cytometry. Briefly, the cell tissue was mashed
via filter wells and washed with warm PBS. The resulted supernatant was centrifuged at 2000
rpm for 5 minutes and resuspended in buffer with 5% FCS for staining and subsequent FACS
analysis. KRAS p.G12D mutation was confirmed with next generation sequencing (UCSF
500 Genetic Panel).

5.1.3. Antibodies
Antibodies were generated as previously described at [Martinko et al., 2018]: “C43
(DE3) Pro +E. coli were grown in TB at 37 °C to an OD600 of 0.6–0.8 and then Ab
expression was induced by adding 1 mM IPTG. The cells were harvested by centrifugation
and Fabs were purified by Protein A affinity chromatography. Fab purity and integrity were
assessed by SDS-PAGE and intact protein mass spectrometry using a Xevo G2-XS Mass
Spectrometer (Waters)”.

5.1.4. Flow cytometry
Approximately 1x106 cells per sample were lifted with Cellstripper (Corning,
Manassas, VA), washed twice with PBS pH 7.4, and subsequently blocked with flow
cytometry buffer (PBS, pH 7.4, 3% BSA). Anti-CDCP1 (10 mg/mL) or commercial
antibodies were added to cells which were kept for 30 minutes on ice. Antibodies were
detected by adding Protein A – Alexafluor-647 conjugate (Life Technologies; 1:1000). Cells
were extensively washed, and fluorescence was quantified using a FACSCalibur on FL4
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single channel analysis (BD Biosciences). All flow cytometry data were analysed using
FlowJo software (FlowJo LLC, Oregon). Data were normalized for living cells only.

5.1.5. Immunoblotting
Cells were plated at approximately 2-3x106 cells/plate in a 10cm tissue-culture plate
and cultured overnight before drug treatment. The medium was replaced with medium
supplemented with 100 nM INK128 (Adooq Bioscience LLC, Irvine, CA), 10nM RAD001
(Selleck Chemicals, Houston, TX), 100 nM NVP-BEZ235 (LC Laboratories, Woburn, MA),
5 nM doxorubicine, or vehicle (0.2% DMSO). The cells were further incubated at 37°C for 5
hr, after which the cells were washed with PBS and lysed with RIPA Lysis and Extraction
Buffer (Millipore, Temecula, CA) supplemented with 1X Protease and phosphatase Inhibitor
Cocktail (Thermo Scientific) at 4°C for 10 min. Immunoblotting was performed using
antibodies to a total S6, p-S6 (S235/236). Protein concentration was determined by the
Bradford absorbance assay, and 15 µg of lysate were resolved with 1D SDS-PAGE.

5.1.6. Real-time PCR
RNA was harvested from cells with an RNAeasy plus mini kit (Qiagen). The purity
and concentration of RNA was quantified using a NanoDrop spectrometer (Thermo
Scientific), and 1.5 g of RNA was converted to cDNA RT kit (Applied Biosystems).
Relative changes in mRNA levels were assessed with a Pikoreal real time PCR cycler
(Thermo Fisher Scientific). Ct was calculated using the respective actin control, and Ct
was calculated by normalizing Ct values to vehicle control. Primers were ordered from
INTEGRATED DNA TECHNOLOGIES (Redwood City, CA) with the following sequences:
Human primers Forward: 5’- AAA ATC CGG TGT AGG CAC AG -3’;
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Reverse: 5’- CAC CAA CCG ATC CAA AGT CT -3’; Mouse/ rat Forward: 5’- GTT TCT
GCC AGC CCC TTA TTA T -3’; Reverse: 5’- GCA AGG AAA GGA TAT GCA GCA -3’.

5.1.7. Cellular receptor binding assays
Cells were seeded at a density of 4 × 105 cells per well in 12-well plates. On the day
of the experiment, cells were subjected to a PBS wash followed by incubation for 1 h at 37
°C, 5% CO2 in PBS with 89Zr-atezo (0.5 μCi), or 89Zr-atezo with 10x unlabeled atezo or C4.
Cells were incubated for 30 min at 4 °C, whereupon the medium was removed, and the
residual unbound radiotracer was removed with two washes with ice cold PBS. The cell
bound activity was harvested by lysis in 1 mL of 1 M NaOH and collected. The unbound and
cell-associated fractions were counted in a γ counter and expressed as a percentage of the
total activity added per well per cell number. Experiments were performed in triplicate, and
the data are representative of at least two independent experiments.

5.1.8. Bioconjugation of antibodies with chelator agents
As the first step to develop radiolabeled antibodies suitable for in vivo imaging and
later for clinical applications, I have conducted series of studies aiming to develop
bioconjugates of abs with chelator groups. Kinetic constants for anti-CDCP, anti-CDCP1
conjugated with DFO, anti-CDCP1 conjugated with DOTA against human CDCP1 were
determined using an Octet RED384 instrument (ForteBio) as previously described ay
[Christopher et al,. 2016]: “Six concentrations of each antigen (250 nM, 125 nM, 62.5 nM,
31.25 nM, 15.625 nM) and 7.812 nM for human CDCP1 were tested for binding to the antiCDCP1 antibody immobilized on Anti-Human IgG Fc Capture biosensors (Fortebio). All
measurements were performed at room temperature in 384-well microplates and the running
buffer was PBS with 0.5% (w/v) bovine serum albumin (BSA) and 0.05% (v/v) Tween
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20.Anti-CDCP1 antibody was loaded for 180 sec from a solution of 300 nM, baseline was
equilibrated for 60 s, and then the antigens were associated for 600 s followed by 1200 sec
disassociation. Between each sample, the biosensor surfaces were regenerated three times by
exposing them to 10 mM glycine, pH 1.5 for 5 sec followed by PBS for 5 sec. Data were
analyzed using a 1:1 interaction model on the ForteBio data analysis software 8.2”.
DOTA-NHS-ester: Anti-CDCP1 antibody clone 4A06 (400 L at a concentration of
7.65 mg/mL) was dispersed in 500 L of 0.1 M sodium bicarbonate buffer (pH 9.0). The
final reaction mixture volume was adjusted to a total volume of 1 mL by adding a sufficient
amount of 0.1 M sodium bicarbonate buffer. 1,4,7,10-Tetraazacyclododecane-1,4,7,10tetraacetic acid mono-N-hydroxysuccinimide ester (DOTA-NHS-ester, 10mg/mL DMSO, 4060 molar excess) was added to the antibody solution dropwise while mixing vigorously. The
final concentration of DMSO was kept below 2% (v/v) to avoid any precipitation. The
reaction was allowed to incubate for 90 min at 37oC, whereupon the reaction mixture was
purified with a PD-10 column using an ammonium acetate mobile phase (0.2 M sodium
acetate, pH 7.0). The hTf-DFO solution was aliquoted and stored at -20o C until time of use.
p-Df-Bz-NCS: Anti-CDCP1 antibody clone 4A06 (261L at a concentration of 7.65
mg/mL) was dispersed in 200 L of 0.1 M sodium bicarbonate buffer (pH 9.0). The final
reaction mixture was adjusted to a total volume of 0.5 mL by adding a sufficient amount of
0.1 M sodium bicarbonate buffer. Para-Isothiocyanatobenzyl-desferrioxamine (p-Df-BzNCS, 30 mM in DMSO, 4 eq.) was added to the antibody solution drop wise while mixing
vigorously. The final concentration of DMSO was kept below 2% (v/v) to avoid any
precipitation. The reaction was allowed to incubate for 30 min at 37oC, whereupon the
reaction mixture was purified with a G25 column using an ammonium acetate mobile phase
(0.2 M sodium acetate, pH 7.0). The hTf-DFO solution was aliquoted and stored at -20o C
until time of use.
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Bifunctional chelators (BFCs): p-SCN-Bn-Deferoxamine ((1-4-isothiocyanatophenyl)3-[6,17-dihydroxy-7,10,18,21-tetraoxo-27-(N-acetylhydroxylamino)-

6,11,17,

22-

tetraazaheptaeicosine] thiourea and DOTA-NHS-ester (1,4,7,10-Tetraazacyclododecane1,4,7,10-tetraacetic

acid

mono-N-hydroxysuccinimide

ester)

were

obtained

from

Macrocyclics (Dallas, TX).

5.1.9. Radiolabeling
177

Lu labeling: A solution of 177Lu-HCl (hydrochloric acid) (8mCi; 40 l) was diluted

with 200L 0.2M ammonium acetate. 2 mg in 1.4mL of DOTA-anti-CDCP1 (pH = 7) were
added into the reaction vial. After incubation for 60 min at 37oC, the reaction progress was
monitored by ITLC using a 20 mM citric acid (pH 4.9–5.1) mobile phase. The decay
corrected radiochemical yield was consistently > 95%.
89

Zr-labeling: A solution of 89Zr-oxalic acid (5mCi; 40 μl) was neutralized with 2 M

Na2CO3 (18 μl). After 3 min, 0.30 ml of 0.5 M HEPES (pH 7.1–7.3) and 1.5 mg of DFO-antiCDCP1 (pH = 7) were added into the reaction vial. After incubation for 60 min at 37oC, the
reaction progress was monitored by ITLC using a 20 mM citric acid (pH 4.9–5.1) mobile
phase. The decay corrected radiochemical yield was consistently > 95%.
Radioiodination of anti-CDCP1: Iodination with iodine-125 was done in pre-coated
iodination tubes (Pierce). 100 g of anti-CDCP1 Ab was dispersed in 100 L of PBS solution
and added to the pre-coated iodination tubes. 0.5 mCi of iodine-125 was diluted with PBS up
to 100L and added to the iodination tubes. After 15 min of reaction the solution was
purified via PD G-25 column pre-equilibrated with 10 mL of PBS solution. The purity was
assessed via iTLC, and 125I-Tf was always >98% pure.
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5.1.10. Internalization study
Cells were seeded at a density of 4x105 cells per well in 12-well plates. On the day of
the experiment, cells were subjected to a PBS wash followed by incubation for 15 min, 30
min or 60 min at 37oC, 5% CO2 in PBS with125I-anti-CDCP1 (0.5 Ci). A control set of cells
was incubated for 15 min, 30 min or 60 min at 4oC, whereupon the media was removed, and
the residual unbound radiotracer was removed with two washes with ice cold PBS. Surface
cell bound activity was harvested by application of ice-cold 10% aqueous Citric acid solution
for 5 min at 4oC. The cell bound activity was harvested by lysis in 1 mL of 1M NaOH and
collected. The unbound, surface-bound and cell-associated fractions were counted in a
gamma counter and expressed as a percentage of the total activity added per well per cell
number. Experiments were performed in triplicate, and the data are representative of at least
two independent experiments.

5.2.

In vivo studies

5.2.1. Animal handling
All animal studies were conducted in compliance with Institutional Care and Use
Committee at UCSF. In order to perform animal studies, I have attended and successfully
completed 17 various courses of in vivo training, ranging from general animal handling and
biosafety to animal surgery and working with radioactive materials in vivo. I was supervising
the whole colony of mice for my studies (126 mice in total), performing all injections and
handling anesthesia while doing imaging experiments. I was responsible for development of
cell line derived xenografts and I was also responsible for doing the entirety of dissections
and ex vivo assays.
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Animals in my colony were divided in the following studies and cohorts:
Table 4. Groups of animals in the in vivo studies.

Study

Number of groups

Number of animals per group

89

3

5

89

3

8

177

1

5

177

2

5

177

2

10

PDX treatment with 89Zr

2

5

Zr Pilot
Zr BioD and Block
Lu Pilot dosimetry
Lu Pilot treatment
Lu treatment

5.2.2. Establishment of the animal model with patient derived xenografts
PDX were generated from patients admitted to UC Medical Center with clear
pancreatic ductal adenocarcinoma tumours, in accordance with an approved IACUC
protocol AN142193-02A. Briefly, after pathological evaluation of the recently resected
tumour, tissue samples were collected from these specimens under patients’ consent and
surgically implanted orthotopically into 4-week-old NSG-mice.

5.2.3. Small animal imaging
Small animal PET/CT: All animal studies were conducted in compliance with
Institutional Care and Use Committee at UCSF. PDX models nu/nu at 2-3 months old were
used in these experiments. Three to five-week-old intact male athymic nu/nu
immunocompromised mice were purchased from Charles River. Nu/nu mice were inoculated
with 1.5x 106 HPAC cells subcutaneously into one flank in a 1:1 mixture (v/v) of media
(DMEM/F12) and Matrigel (Corning). Xenografts were palpable within 14-18 days after
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injection. Tumour-bearing mice (n=5 per treatment arm) received between 40 to 250 μCi of
solution in 100 μL saline solution volume intravenously using a custom mouse tail vein
catheter with a 28-gauge needle and a 100-150 mm long polyethylene microtubing. ~200 μCi
and ~40 μCi were injected for imaging and biodistribution studies, respectively. The mice
were imaged on a dedicated small animal PET/CT scanner (Inveon, Siemens Healthcare,
Malvern, PA). Mice were imaged at 0.5, 4, 24, 48, 72, 96 hours post injection. Animals were
scanned for 40 minutes for PET, and the CT acquisition was performed for 10 minutes. The
co-registration between PET and CT images was obtained using the rigid transformation
matrix from the manufacturer-provided scanner calibration procedure since the geometry
between PET and CT remained constant for each of PET/CT scans using the combined
PET/CT scanner. During the imaging procedure, animals were anesthetized with gas
isoflurane at 2% concentration mixed with medical grade oxygen. The photon attenuation
was corrected for PET reconstruction using the co-registered CT-based attenuation map to
ensure the quantitative accuracy of the reconstructed PET data. Animals were scanned for 50
minutes for SPECT, and the CT acquisition was performed for 10 minutes.

5.3.

Post-mortem tissue samples studies

5.3.1. Biodistribution studies
Biodistribution studies were conducted to evaluate the uptake of 89Zr-CDCP1 / 177LuCDCP1 in mice bearing subcutaneous tumours. At a dedicated time after radiotracer
injection, animals were euthanized by cervical dislocation, and fifteen tissues (including
tumour) were removed, weighed and counted on a gamma-counter for accumulation of 89Zrradioactivity /

177

Lu-CDCP1 activity. The mass of

89

Zr-CDCP1/177Lu-CDCP1 injected was

measured and used to determine the total number of CPM by comparison with a standard of
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known activity. The data were background- and decay-corrected and was expressed in
%ID/g.

5.3.2. Digital autoradiography and histology
DAR and histology were performed as previously described at [Escorcia et al., 2018]:
“Tumours of animals were excised and Tissue–Plus OCT compound (Scigen, Gardena, CA)
was added. For storage samples were kept in -80 C. 10 μm tissue sections were cut and
placed in cassette with film for 48–72 h at − 20°C (BASMS-2325; Fujifilm, Tokyo, Japan),
which was then read on a Typhoon 7000IP plate reader (GE Healthcare, Chicago, IL) at
25 μm pixel resolution. Several sequential sections were submitted to the MCCF at UPenn
for hematoxylin and Eosin staining. Image analysis was performed with ImageJ”
(https://imagej.nih.gov/ij/).

5.3.3. Microscopy
A Zeiss Axioplan2 microscope was used to develop microscopic images. MetaMorph
software (Molecular Devices, Sunnyvale, CA) and Photoshop CS6 software (Adobe Systems,
McLean, VA) weres used for montage and processing.

5.4.

Statistical analysis
Data were analyzed using the unpaired, two-tailed Student’s t-test using PRISM

software. Differences at the 95% confidence level (P < 0.05) were considered to be
statistically significant.
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Chapter 6. Results

6.1.

Preclinical testing of new modalities for PET visualization and treatment of

RAS-driven cancer
6.1.1.

89

Zr-labeled 4A06 specifically detects tumour autonomous expression of CDCP1.

To understand if the 4A06 IgG can specifically target and bind to tumour associated
CDPC1 in vivo, we functionalized the 4A06 antibody with desferrioxamine (DFO) for
PET/CT studies. To achieve this, commercial para-isothiocyanatobenzyl-DFO was reacted
with solvent-exposed -amino groups on lysine residues. The affinity of DFO-4A06 for the
recombinant human ectodomain of CDCP1 was assessed ex vivo using biolayer
interferometry (Fortebio, Octet Red384 system), and the KD of the DFO-conjugated antibody
was equivalent to unmodified 4A06 (0.40 ±0.7 nM and 0.27±0.04 nM, respectively). In
anticipation of the future studies with Lu-177 conjugated 4A06, the antibody was also
coupled to the chelator 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) via
similar chemistry. The affinity of DOTA-4A06 was also equivalent to unlabeled 4A06 (KD =
0.30 ± 0.05 nM) (Figure 18).
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Figure 18. Affinity assessment. The affinity of DFO-4A06 and DOTA-4A06 is equivalent to
unlabeled 4A06 (KD = 0.40 ±0.7 nM, 0.30 ± 0.05 nM and 0.27±0.04 nM, respectively).

DFO-4A06 used was radiolabeled via incubation with

89

Zr-oxalic acid for 120 min

and purified using size exclusion chromatography. The radiochemical yield was consistently
>95%, the radiochemical purity >98%, and the specific activity was ~ 3,35 μCi/μg.
To evaluate specific antigen binding in vivo,

89

Zr-4A06 was administered to intact

male nu/nu mice bearing subcutaneous HPAC tumours, a human pancreatic adenocarcinoma
cell line with an endogenous KRAS G12V mutation. The tumour-associated radiotracer was
visually obvious on PET/CT at 12 hours post injection, and the amount of radiotracer steadily
increased out to 72 hours post injection. The analysis of tissue biodistribution ex vivo
corroborated this trend, showing that the highest radiotracer uptake in the HPAC tumours
occurred at 72 hours. Moreover, the radiotracer was steadily cleared from blood and normal
mouse tissues from 24 to 72 hours. One notable exception was the liver which had
persistently high radiotracer uptake due to clearance of the IgG. A separate cohort of mice
received

89

Zr-4A06 with 20X excess unlabeled 4A06. PET/CT and biodistribution studies

clearly showed that excess unlabeled 4A06 suppressed radiotracer uptake in the tumour,
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confirming that

89

Zr-4A06 accumulation in tumours is due to specific receptor binding.

Radiotracer biodistribution in normal mouse tissues was unaffected by a “blocking” dose of
4A06, as expected. Lastly, a separate cohort of mice bearing HPAC tumours were treated
with

18

F-FDG, the gold standard and most widely applied radiotracer for tumour detection.

Remarkably,
89

18

F-FDG did not accumulate in the HPAC tumour to the same extent as the

Zr-4A06 radiotracer, suggesting that 89Zr-4A06 may have advantages compared to 18F-FDG

for tumour detection (Figure 19).
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B.

Figure 19. PET/CT and biodistribution data in animals injected with 89Zr-4A06 (A).
PET/CT (top) and biodistribution data (bottom) showing that 89Zr-4A06 persistently
associates with subcutaneous HPAC pancreatic cancer tumours after i.v. injection. Tumour
uptake is significantly above the level observed in reference tissues (blood, muscle). (B).
Biodistribution data collected 4 hours post injection show that heat-denatured (HD) 89Zr4A06 significantly suppresses radiotracer uptake in HPAC xenografts. 89Zr-4A06 is also
insubstantially taken up by A549 xenografts (blue), a tumour model with 50-fold lower
CDCP1 expression compared to HPAC. *P<0.01 (Data are decay corrected).

While cell line models are routinely used in cancer research and are highly
convenient, they are known to adopt or lose crucial biological features during the process of
acclimation to in vitro culture conditions. On this basis, I next addressed the question if
CDCP1 was expressed (or even over-expressed) in more clinically relevant patient derived
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xenografts. PDX were generated from patients admitted to UC Medical Center with clear
pancreatic ductal adenocarcinoma tumours. Flow cytometry of single cell suspensions with
PE-labeled 4A06 showed that both PDXes expressed high levels of CDCP1.
Moreover, 89Zr-4A06 detected subcutaneous implants of both PDXes in nu/nu mice at
48 hours post injection. Biodistribution studies showed that

89

Zr-4A06 accumulated in

tumours to a level significantly above muscles, a standard reference tissue. To understand
further the nature of the antibody-tumour interaction, PDXes were excised post mortem, and
the intratumoral distribution of

89

Zr-4A06 was characterized with digital autoradiography

(DAR). DAR images clearly showed high levels of

89

Zr-4A06 in sections from each PDX

that overlapped with regions of viable tissue (defined by H&E). Moreover, the highest levels
of 89Zr-4A06 were detected around the outer rim of the PDX. This finding is consistent with
the observation that large biomolecules like IgGs tend to have limited penetrance in dense
tumour tissue (Data were decay corrected) (Figure 20).
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mm
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Figure 20. 89Zr-4A06 detects pancreatic ductal adenocarcinoma in patient-derived
xenografts (PDX). (A). Flow cytometry evaluation confirms CDCP1 expression in PDXs.
UCPDAC-187 has higher CDCP1 expression, consistent with higher 89Zr-4A06 uptake in
vivo. (B). PET/CT images showing the biodistribution of 89Zr-4A06 48 hours after injection
in nu/nu mice bearing PDX derived from two different patients with PDAC. Tumour is
highlighted with a white arrow. (C). Biodistribution data show the uptake of radiotracer
significantly higher than the level of radiotracer observed in muscles (Data are decay
corrected). (D). H&E staining of PDX tumours, digital autoradiography (DAR) showing
penetration of PDX tumour by 89Zr-4A06 and merged view.

6.1.2.

177

Lu-labeled 4A06 specifically detects tumour autonomous expression of CDCP1

The favourable imaging data in three discrete pancreatic cancer tumour models
suggested that CDCP1 could be a useful target for radioimmunotherapy. To test this
hypothesis more systematically,

177

Lu labeled 4A06 was synthesized by coupling of

177

Lu to

DOTA chelators engineered onto the antibody backbone. The DOTA chelators were ligated
to the IgG1 via solvent-exposed lysine side chains. The radiolabeling was performed using
commercial

177

Lu-LuCl3, and the radiochemical yield after 120 min was consistently >90%

with a purity of >99%.
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177

Lu-4A06 was injected into male nu/nu mice bearing subcutaneous HPAC

xenografts to estimate the amount of radioactivity absorbed by the tissue. SPECT/CT studies
showed that the radiotracer accumulates in tumours from 4 – 96 hours post injection, with
minimal uptake in normal mouse tissues as expected. At 48 hours post injection, little
radiotracer was visualized in normal tissues, with the exception of the liver, which had
persistently high uptake due to antibody clearance. Biodistribution studies conducted at 0.5,
4, 24, 48, and 96 hours post injection corroborated the trends suggested by the SPECT
imaging data. The maximum tumour uptake of the radiotracer was ~15% ID/g at 48 hours
post injection, while only the liver and the spleen (~18% ID/g) had substantial radiotracer
uptake (Figure 21).
Using these data, the doses absorbed by the tumour and normal tissues were
calculated. For tumours, there were a couple of assumptions. First, the model used for dose
calculation is a sphere model, meaning the tumour volume is assumed to be a sphere. Second,
only self-absorbed dose is calculated, namely the dose is calculated from the source (tumour)
to the target (tumour). After manual segmentation of tumours, the last time point
microSPECT/CT data were used to calculate the volume and accumulated activity by
delineating the volume using both CT and SPECT images.
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Figure 21. SPECT/CT and biodistribution data in animals injected with 177Lu-4A06. (A).
SPECT/CT data showing that 177Lu-4A06 IgG is avidly taken up by subcutaneous HPAC
tumours in vivo (white arrow). (B). Biodistribution data showing the high and persistent level
of radiotracer uptake in HPAC tumours over time. Radiotracer uptake was observed in
normal tissues like the liver and the spleen due to Fc receptor binding and clearance, as
expected. Virtually no other normal tissue showed high radiotracer retention (Data are decay
corrected).
After the activity was divided by decay-corrected total injected activity in the body (i.e.,
percent of injected dose) for all time points and curve-fitting of the temporal data, residence
times (in Bq-hr/Bq) were calculated. Using the sphere model in OLINDA|EXM (version 1.1),
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the dose was calculated for a range of mass (0.01 – 6000 g). When the doses for different
masses were calculated, a least-squares fit was used to derive a relationship between the dose
and the mass as a continuous variable. After the volume was calculated from the manual
segmentation assuming 1 g/ml density, the dose for each tumour was estimated from the
fitted function, dose = A  (mass)-B where A and B are parameters from the least-squares fit.
With this methodology, the estimated dose to the tumours was 3.84, 4.89, and 1.78
mGy/MBq.
To determine the absorbed dose to normal tissues, volumes of interest (VOIs) were
drawn from co-registered CT images for the brain, lungs, heart, liver, kidneys, and urinary
bladder. All VOIs were cylinders (3 mm diameter and 5 mm height for the brain, 3 mm
diameter and 3 mm height for the lungs, heart, and liver, and 2 mm diameter and 2 mm height
for the kidneys and urinary bladder), and they were placed well within the anatomical
boundaries to minimize the spill-over of radioactivity. The mean values (in Bq/ml) in these
VOIs were multiplied by standard mouse organ volumes (in ml) to derive total activity within
these organs. The total activity within the animal subtracted from all the organ activities was
used as the activity in the remainder of the body. The percent of injected activity within the
defined organs (%IA) was extrapolated to human-equivalent values using ratios of standard
human organ weights to the mouse ones.
These input data were curve-fitted to derive residence times (in Bq-hr/Bq) and organ
as well as effective doses for the data from each mouse. The data from the three animals were
averaged to derive organ doses (in mGy/MBq) and effective dose (in mSv/MBq) using
weighting factors published in ICRP Publication 60. Curve-fitting as well as organ and
effective dose estimation were performed using OLINDA|EXM version 1.1 The doses to the
normal tissues are outlined in Table 5.
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Table 5. Dosimetry (OLINDA 1.1, ICRP60) estimated for

177

Lu-IgG using mouse imaging

data.

Organ

Absorbed Dose (mGy/MBq) to adult male (73 kg)

Adrenals

8.65E-02

Brain

1.69E-02

Breasts

7.84E-02

Gallbladder Wall

9.13E-02

LLI Wall

8.29E-02

Small Intestine

8.40E-02

Stomach Wall

8.31E-02

ULI Wall

8.44E-02

Heart Wall

1.17E-01

Kidneys

7.97E-02

Liver

5.35E-01

Lungs

8.76E-02

Muscle

8.06E-02

Ovaries

8.37E-02

Pancreas

8.67E-02

Red Marrow

6.23E-02

Osteogenic Cells

2.50E-01

Skin

7.75E-02

Spleen

8.21E-02

Testes

7.99E-02

Thymus

8.12E-02

Thyroid

8.07E-02

Urinary Bladder Wall

1.86E-01

Uterus

8.40E-02

Total Body

9.64E-02

Effective Dose (mSv/MBq)

1.06E-01
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6.1.3. An antitumour assessment study demonstrates that

177

Lu-4A06 suppresses

pancreatic cancer tumour growth and extends overall survival
The study demonstrates that

177

Lu-4A06 suppresses pancreatic cancer tumour growth

and extends overall survival: the SPECT/CT, biodistribution, and dosimetry data were highly
promising, and a larger-scale antitumour assessment study was conducted. Intact male nu/nu
mice bearing subcutaneous HPAC tumours (n = 5) were treated once with vehicle, unlabeled
4A06 (400 g), and

177

Lu-4A06 (500 Ci/mouse, SA = 9.53 Ci/g) intravenously. Tumour

volume changes were measured twice a week via caliper to determine treatment-induced
changes. The primary endpoint of the study was death (i.e. humane euthanasia) due to the
tumour size in one dimension equal or more than 20mm.
Using this endpoint, the treatment arms of this study were statistically separated, and
a Kaplan Meier analysis showed that mice receiving vehicle or unlabeled 4A06 survived for a
shorter period compared to those treated with a single dose of
Moreover, at 20 days post treatment, the tumours in the

177

177

Lu-4A06 (Figure 22A).

Lu-4A06 treatment arm were

significantly smaller than those treated with vehicle or naked antibody (Figure 22B).
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Figure 22. 177Lu-4A06 treatment study results. (A). A Kaplan Meier curve showing the
survival of mice treated with vehicle, unlabeled 4A06 IgG, or 177Lu-4A06 IgG. The median
survival was significantly extended to 47 days for 177Lu-4A06 compared to 37 and 33 days for
the control arms. (B). A box-and-whiskers plot showing the tumour volumes for each
treatment arm at 20 days, the final time point before any mice dropped out of the study due to
reaching humane endpoint. The tumour volume was significantly lower in the 177Lu-4A06
arm compared to the controls. *P<0.05

6.2.

Imaging of PD-L1 expression with ImmunoPET

6.2.1. Synthesis and in vitro characterization of 89Zr-labeled Atezolizumab
Atezo was conjugated to the chelator desferrioxamine B (DFO) in the same way as it
was described for 4A06. The affinity of DFO-atezo for the recombinant human ectodomain
of PD-L1 was assessed ex vivo using biolayer interferometry (Fortebio, Octet Red384
system), and the KD of the DFO-conjugated antibody was equivalent to naive atezo (1.8±0.09
nM and 1.9±0.2 nM, respectively). The chelate number per molecule of atezo was determined
to be 2.26 ± 0.5 (Supplemental Figure 1A). DFO-atezo was radiolabeled via incubation with
89

Zr-oxalic acid for 120 min and purified using size exclusion chromatography. The

radiochemical yield was consistently >95%, the radiochemical purity >98%, and the specific
activity was 2.28 ± 0.4 Ci/g over 5 independent radio syntheses (Supplemental Figure 1B).
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All these values were compared favourably to those we achieved and reported for

89

Zr-C4,

including a specific activity of ~7 Ci/g.

6.2.2. A comparison of the biodistribution of 89Zr-Atezo and 89Zr-C4 in tumour bearing
immunocompetent and T cell deficient nu/nu mice
The biodistribution of 89Zr-atezo was first evaluated in immunocompetent C57BL/6J
mice bearing subcutaneous B16 F10 tumours, a PD-L1 expressing mouse melanoma model
that we previously showed to harbour high avidity for 89Zr-C4. At a specific activity of 1.53
Ci/g,

89

Zr-atezo had overall high accumulation in blood-rich abdominal tissues at early

time points post injection, which generally declined from 24 to 72 hours, as expected (Figure
23A). Blood-associated activity also decreased from 4 to 48 hours. Persistent retention of
89

Zr-atezo from 24 to 72 hours was observed in the spleen, liver, kidney, lungs, small

intestine, and bone. The uptake in the tumour increased from 4 to 24 hours, and remained
constant at ~13% ID/g out to 96 hours. A separate cohort of tumour-bearing mice were
treated with

89

Zr-atezo subjected to heat denaturation immediately prior to injection.

Radiotracer accumulation in B16 F10 tumours was significantly reduced by heat
denaturation, as expected.
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Figure 23. A summary of the biodistribution of 89Zr-atezo over time in tumour-bearing
animals. (A). ImmunoPET (left) and biodistribution studies (right) from selected tissues show
the accumulation of 89Zr-atezo in intact male C57BL/6J mice with subcutaneous B16F10
tumours. Persistently high uptake of the radiotracer was observed in the tumour, spleen, liver
and kidney. The location of the tumour on PET/CT is indicated with a white arrow. 89Zr-atezo
was administered at a specific activity of 1.53 Ci/g. (B). ImmunoPET (left) and
biodistribution studies (right) from selected tissues show the accumulation of 89Zr-atezo in
intact male nu/nu mice with subcutaneous H1975 tumours. Similar qualitative trends in the
biodistribution of normal tissues were observed compared to the data collected from
C57BL/6J mice. Tumour uptake in H1975 was lower than that observed in B16F10 tumours,
consistent with the relative expression levels of PD-L1. The location of the tumour on
PET/CT is indicated with a white arrow. 89Zr-atezo was administered at a specific activity of
2.17 Ci/g (Data are decay corrected).
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Table 6. A summary of the tumour to blood and tumour to muscle ratios derived from the
biodistribution studies with 89Zr-atezo outlined in Figure 1.

Tumour: Blood

Tumour: Muscle

B16 F10

H1975

B16 F10

H1975

24 hours

1.76 ± 0.4

1.46 ± 0.2

8.97 ± 1.3

4.32 ± 0.4

48 hours

4.89 ± 0.6

3.96 ± 0.8

9.33 ± 3.2

4.79 ± 0.4

72 hours

10.25 ± 4.1

4.00 ± 0.6

13.06 ± 0.7

2.64 ± 0.4

The data referring to B16F10 tumours were acquired in the C57BL/6J mouse strain, while
the data for H1975 were acquired in nu/nu mice.

The biodistribution of

89

Zr-atezo was next evaluated in immunocompromised intact male

nu/nu mice bearing H1975 tumours, a human non-small cell lung cancer model with ~2.5
fold lower endogenous PD-L1 levels compared to B16 F10. At a specific activity of 2.17
Ci/g, the pattern of radiotracer biodistribution in normal tissues from 2 to 72 hours was
qualitatively similar to what was observed in C57Bl/6J mice, with the highest uptake
observed in the spleen, liver, kidney, lung, small intestine, and bone. The retention of

89

Zr-

atezo in H1975 tumours was above that in the blood and muscle as early as 24 hours post
injection, and ~3.5-fold lower than B16 F10 (Figure 22B). Moreover, the tumour to blood
and tumour to muscle ratios from both mouse strains suggested that optimal tumour detection
requires at least 48 hours of uptake time (Table 6). Notably,

89

Zr-atezo retention was

generally lower in the normal mouse tissues of nu/nu mice versus C57BL/6J. Since the
specific activity of the

89

Zr-atezo formulation was higher in the nu/nu mouse cohort, the

lower uptake likely reflects the reduced T-cell content of athymic nu/nu mice (Table 7).
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Table 7. A summary of the biodistribution data for 89Zr-atezo and 89Zr-C4 in tumour-bearing
mice at 48-hour post-injection.

Tissue

89

Blood

2.87 ± 0.4

2.17 ± 0.3

1.02 ± 0.2

2.87 ± 0.6

Heart

3.93 ± 0.3

0.96 ± 0.05

1.85 ± 0.3

1.08 ± 0.1

Lung

8.59 ± 0.8

0.89 ± 0.1

5.53 ± 0.9

1.79 ± 0.3

Liver

6.79 ± 1.6

7.33 ± 1.1

3.15 ± 0.5

8.16 ± 0.6

Kidney

6.71 ± 0.3

2.76 ± 0.8

3.60 ± 0.4

4.28 ± 0.7

Spleen

19.95 ± 1.5

6.05 ± 0.2

15.51 ± 1.6

6.48 ± 1.0

Pancreas

1.85 ± 0.2

0.49 ± 0.01

1.03 ± 0.07

0.57 ± 0.06

Lg. Int.

2.83 ± 0.3

0.68 ± 0.3

1.57 ± 0.2

0.51 ± 0.1

Sm. Int.

6.44 ± 0.5

0.59 ± 0.1

3.59 ± 0.6

0.73 ± 0.3

Stomach

1.75 ± 0.5

0.36 ± 0.1

0.89 ± 0.2

0.44 ± 0.1

Muscle

1.63 ± 0.6

0.73 ± 0.3

0.82 ± 0.07

0.47 ± 0.06

Bone

7.11 ± 1.64

2.62 ± 0.3

3.31 ± 0.8

2.87 ± 0.3

Brain

0.33 ± 0.02

0.27 ± 0.1

0.14 ± 0.08

0.16 ± 0.02

B16 F10

13.92 ± 1.0

13.83 ± 0.5

N/A

N/A

H1975

N/A

N/A

3.97±1.0

7.08±0.8

Zr-atezo

89

89

Zr-C4

89

Zr-atezo

Zr-C4

Immunocompetent intact male C57Bl/6J mice were inoculated subcutaneously with B16F10
in the flank, and immunocompromised athymic male nu/nu mice received subcutaneous
H1975 tumours in the flank. C4 uptake in normal tissues was generally lower than atezo,
with the notable exception of the liver and kidney. Abbreviations: Lg. Int. = large intestine,
Sm. Int. = small intestine, N/A = not applicable. The specific activity of 89Zr-atezo was 1.53
Ci/g (B16 F10) and 2.17 Ci/g (H1975). The specific activity of 89Zr-C4 was previously
determined to be 7 Ci/g.

The comparison of the biodistribution patterns between

89

Zr-atezo and

89

Zr-C4 showed that

the accumulation of both radiotracers in B16F10 tumours was equivalent, while the uptake of
89

Zr-atezo was significantly lower in H1975 tumours compared to

was accompanied by higher levels of

89

89

Zr-C4 (Table 7). This

Zr-atezo in virtually all normal mouse tissues

compared to 89Zr-C4, suggesting that there may be a “sink effect” imparted by normal mouse
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tissues that prevents

89

Zr-atezo from engaging the relatively modest levels of PD-L1

expressed on H1975. To test this hypothesis more systematically, the impact of added carrier
was next evaluated (i.e. unlabeled atezo) on the biodistribution of 89Zr-atezo.

6.2.3. Investigating the impact of added carrier on the biodistribution of 89Zr-atezo
To identify the optimal carrier concentration, we first compared our preclinical
biodistribution values to the available human data for
equivalent accumulation of

89

89

Zr-atezo. The human data showed

Zr-atezo in normal organs like the spleen (~18% ID/kg), liver

(~7% ID/kg), kidney (~5% ID/kg), and intestines (~5% ID/kg). The clinical formulation
consisted of 1 mg
with carrier-free

89

89

Zr-atezo with 10 mg of carrier added, and the mouse studies conducted

Zr-atezo suggested to us that increasing carrier beyond 10 molar excess

may be required to impact 89Zr-atezo biodistribution in mice.
On this basis, immunocompetent mice bearing subcutaneous B16 F10 tumours were
co-injected with

89

Zr-atezo (specific activity = 2.45 Ci/g) or

89

Zr-atezo with 15x excess

unlabeled atezo (specific activity = 0.16 Ci/g). At 48 hours post injection, the added carrier
significantly reduced 89Zr-atezo uptake in the spleen, small intestine, and bone (Figure 23A).
The carrier also increased

89

Zr-atezo levels to a statistically significant extent in B16 F10

tumours. Further increasing the dose of added carrier to 30x in a separate cohort of mice only
marginally improved the tumour to normal tissue ratios (Table 8). To further understand the
mechanistic basis of tracer redistribution by carrier, an additional cohort of mice was coinjected with

89

Zr-atezo (specific activity = 2.45 Ci/g) and 15x molar excess of an IgG1

isotype control. The isotype control did not alter

89

Zr-atezo biodistribution in normal or

tumour tissues at 48 hours post injection, strongly suggesting that the added atezo carrier
impacted radiotracer biodistribution through epitope/CDR interactions (Figure 24A).
Inspection of the PET/CT imaging data and maximum intensity projections showed that the
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atezo carrier effects on radiotracer biodistribution were visually obvious and consistent with
the biodistribution data (Figure 24B and 24C).

Figure 24. Added atezo carrier redistributes 89Zr-atezo from normal tissues to tumours via
a CDR-dependent mechanism. (A). Biodistribution data acquired 48 hours post injection in
immunocompetent C57BL/6J mice with subcutaneous B16F10 xenografts show that 15x atezo
carrier suppresses 89Zr-atezo uptake in normal PD-L1 rich mouse tissues, while the tumour
uptake of the radiotracer increases. In contrast, co-administration of 15x excess unlabeled
non-targeting human IgG1 isotype control does not alter the biodistribution of 89Zr-atezo
suggesting that the redistribution requires CDR interaction with its epitope on PD-L1. 89Zratezo was prepared and used at a specific activity of 2.45 Ci/g prior to dilution with atezo
or IgG1 isotype control. *P < 0.01, n.s. = not significant. Data are decay corrected. (B).
Representative coronal and transverse PET/CT images of mice from each treatment arm 48
hours post injection show the impact of added naked atezo carrier on tumour uptake of 89Zratezo. The tumour is located on the right hind limb on each mouse and is highlighted in the
89
Zr-atezo treatment arm with an orange arrow. (C). Maximum intensity projections of the
same mice also capture the redistribution of 89Zr-atezo due to added atezo but not nontargeting IgG1 isotype control. The position of the tumour is highlighted with an orange
arrow, and the position of the spleen is highlighted with a grey arrow.
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Table 8. A summary of the impact of added atezo carrier on the biodistribution of 89Zr-atezo
in immunocompetent C57Bl/6J mice bearing B16 F10 xenografts.

Molar excess of added atezo carrier
0

15

30

Tumour: Spleen

0.64 ± 0.7

1.68 ± 0.1

1.42 ± 0.4

Tumour:Sm.Int.

2.35 ± 0.3

7.01 ± 0.2

10.55 ± 2.7

Tumour: Bone

2.29 ± 0.5

5.07 ± 1.0

6.53 ± 2.1

Tumour: Muscle

15.28 ± 0.9

15.82 ± 2.1

18.47 ± 2.2

Significant elevation of the tumour to normal tissue ratio was observed due to co-injection
with 15x or 30x molar excess of naked atezo compared to carrier-free 89Zr-atezo (specific
activity 2.75 Ci/g). The improvement was driven both by suppression of 89Zr-atezo binding
in normal tissues, and elevation of 89Zr-atezo accumulation in tumour. No significant
improvement was noted by elevating the dose of carrier from 15x to 30x. All data were
collected 48 hours post injection of radiotracer formulation. Data represent the mean ±
standard deviation.

A separate cohort of nu/nu mice bearing subcutaneous H1975 tumours were treated with
89

Zr-atezo (specific activity = 2.5 Ci/g) or

89

Zr-atezo with 15x molar excess naked atezo

(specific activity = 0.16 Ci/g). At 48 hours post injection, the added carrier suppressed
radiotracer uptake in normal mouse tissues, as expected, while elevating radiotracer uptake in
the tumours (Figure 25A). The relative suppression of 89Zr-atezo uptake in normal tissues due
to the added carrier was essentially equivalent in both mouse strains, further underscoring
that carrier added effects are likely due to interactions between the CDR and PD-L1 (Figure
25B).
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Figure 25. Added atezo carrier substantially elevates 89Zr-atezo uptake in H1975 tumours
in the T-cell deficient nu/nu background. (A). A summary of the biodistribution values for
89
Zr-atezo co-injected with 15x molar excess unlabeled atezo in nu/nu mice with
subcutaneous H1975 tumours. As with the study in immunocompetent mice, radiotracer
uptake was suppressed in PD-L1 rich normal tissues and elevated in the tumour. The
biodistribution data were collected 48 hours post injection. 89Zr-atezo was prepared at a
specific activity of 2.5 Ci/g prior to use with or without added atezo. *P<0.01 (B). A bar
graph representing the percent change in radiotracer uptake due to added carrier among the
immunocompetent and immunocompromised mouse cohorts. Suppression of 89Zr-atezo
uptake in normal mouse tissues by carrier atezo was substantial and equivalent among two
mouse strains. Data are decay corrected.

6.3.

Targeting mTORC1 signaling to detect tuberous sclerosis complex and

lymphangioleiomyomatosis with PET
Cell line models of TSC or LAM, while convenient, often require genetic
manipulation to be further immortalized and maintained in culture. On this ground, I first
tested if spontaneous growths arising in a genetically engineered mouse (GEM) model of
TSC were detectable with 89Zr-Tf PET. The A/J GEM model bears a germline deletion of one
Tsc2 allele, and predominantly develops renal cystadenomas within one year [Onda et al,
1999]. Eight-month old male A/J mice were treated with

89

Zr-Tf, and the biodistribution of

the radiotracer was studied at 48 hours post injection. Focal accumulation of the radiotracer
within small regions of the transgenic kidneys was visually obvious on PET/CT (Figure
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26A). Moreover, PET/CT of the surgically excised transgenic kidneys revealed numerous
regions of high radiotracer uptake compared to wild type kidneys (Figure 26B). Digital
autoradiography was performed to identify the source of the radioactivity, and the regions of
the highest radiotracer accumulation co-localized with renal cystadenomas identified by H&E
and phospho-S6 immunohistochemistry (Figure 26C).

mm

Figure 26. 89Zr-Tf detects spontaneous benign renal cystadenomas arising in A/J Tsc2+/mice. (A). CT and PET/CT images showing the biodistribution of 89Zr-Tf 48 hours after
injection in Tsc2+/- mice. Several regions of aberrant density on CT were observed without
added contrast agent that co-aligned with foci of high 89Zr-Tf uptake. One focus is
highlighted with a white arrow. (B). PET/CT of surgically excised transgenic kidneys shows
several regions of focal uptake of radiotracer significantly higher than the level of
radiotracer observed in normal tissue. On the right a representative normal kidney from an
immunocompetent mouse treated with an equivalent dose and uptake time of 89Zr-Tf are
shown. (C). Digital autoradiography (DAR) showing the co-localization of 89Zr-Tf with renal
cystadenomas, detected on H&E and phospho-S6 immunohistochemistry. Two representative
cystadenomas are shown at 20X magnification. (Data are decay corrected).

To evaluate if TSC and LAM cell lines express TFRC and have avidity for Tf, TFRC
expression and activity were next probed on cell line models of TSC in vitro. Immunoblot
established that the Tsc2 mutant cell lines tsc2 ang1 (mouse angiomyolipoma), 105K (mouse
angiomyolipoma), ELT3 (rat LAM), and 621-101 (human LAM) express TFRC. Moreover,
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TFRC was expressed in three TSC1 null human bladder cancer cell lines, HCV29, 97-1, and
RT4. Cellular uptake assays with 125I-labeled Tf showed that all cell lines bind and internalize
Tf. We next performed in vivo studies to determine if tumours are avid for
89

89

Zr-Tf on PET.

Zr-Tf uptake was evaluated over time in intact female mice bearing subcutaneous ELT3

tumours, and tumours were clearly detectable on the flank of mice within 8 hours post i.v.
injection of
89

89

Zr-Tf (Figure 26A). Moreover, serial imaging showed increasing retention of

Zr-Tf in the tumours from 8 to 48 hours. Ex vivo biodistribution studies corroborated the

PET findings, as tumour uptake of

89

Zr-Tf rose from 8 to 72 hours post injection (Figure

27A). Moreover, tumour uptake of the radiotracer significantly exceeded blood pool- and
muscle-associated activity at all time points post injection. A separate cohort of intact male
mice bearing subcutaneous tsc2 ang1 tumours were treated with

89

Zr-Tf, and radiotracer

biodistribution was studied over time. As with the ELT3 cohort, the xenografts were
visualized within a day post injection, with peak radiotracer uptake in the tumour occurring
between 24 and 48 hours post injection (Figure 27B). Lastly, a broader survey of

89

Zr-Tf

uptake was conducted at 48 hours post injection in mice bearing the Tsc2 and Tsc1 mutant
tumour models 105K, 621-101, 97-1 and RT4.
tumours at levels above background (Figure 27C).

89

Zr-Tf uptake was detected in all the
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Figure 27. Multiple cell line models harbouring inactivating mutations in TSC1 or TSC2
are highly avid for 89Zr-Tf. (A). On the left data depicting the biodistribution of 89Zr-Tf in
mice bearing subcutaneous ELT3 xenografts (a Tsc2 mutant model of LAM) are shown.
Radiotracer uptake peaked in the ELT3 tumours between 24 and72 hours post injection,
consistent with the pharmacology of 89Zr-Tf. Radiotracer uptake in representative normal
tissues is also shown and has the expected degree of 89Zr-Tf accumulation. On the right
representative coronal and transverse PET/CT images from a mouse in the cohort are shown.
The positions of the bilateral tumours are indicated with white arrows. (B). On the leftthe
data depicting the biodistribution of 89Zr-Tf in mice bearing subcutaneous tsc2 ang1
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xenografts (a Tsc2 mutant model of AML) are shown. Radiotracer uptake peaked in the tsc2
ang1 tumours and exceeded blood pool levels at 24 hours post injection. Radiotracer uptake
in representative normal tissues is also shown and has the expected degree of 89Zr-Tf
accumulation. On the right representative coronal and transverse PET/CT images from a
mouse in the cohort are shown. The positions of the xenografts are indicated with a white
arrow. (C). On the left the tumour uptake values for 89Zr-Tf acquired 48 hours post injection
in mice bearing the indicated subcutaneous tumour are shown. All tumour values exceeded
blood pool, strongly suggesting uptake due to specific binding. White bars indicate cell line
models harbouring inactivating mutations in Tsc2, while blue bars highlight two human
bladder cancer models with inactivating mutations in Tsc1. On the right representative
PET/CT images are shown. The position of the xenograft is highlighted with a white arrow
(Data are decay corrected).

To test whether TFRC protein is upregulated in TSC models in an mTORC1dependent fashion, we applied flow cytometry to ELT3 V3 and T3, isogenic pairs stably
expressing an empty vector and a vector with a wild type Tsc2 insert, respectively [Li et al,
2014]. TFRC levels were ~40% higher in ELT3 V3 compared to ELT3 T3, suggesting that
restoration of wild type levels of the TSC1/TSC2 complex reduces TFRC expression (Figure
28A). Moreover, treating ELT3 V3 and 621-101 cells with the mTOR inhibitors RAD001,
INK128, or BEZ235 decreased cell surface expression of TFRC. Importantly, treatment with
a bioactive dose of doxorubicin did not impact TFRC levels, underscoring that the TFRC
“response” is dependent on mTOR activity, and not simply associated with suppression of
cellular proliferation and survival. Tfrc mRNA was also reduced by mTOR inhibitors. Lastly,
cellular uptake of Tf was inhibited in vitro in the panel of cell lines with endogenous Tsc1 or
Tsc2 mutations due to treatment with mTOR inhibitors (Figure 28B). Collectively, these data
underscore that TFRC expression and Tf uptake is mTORC1 regulated in TSC and LAM cell
lines.
To determine if treatment-induced changes in intracellular mTORC1 signaling are
sufficiently large to be quantified with

89

Zr-Tf PET, mice bearing subcutaneous tsc2 ang1

tumours were treated daily via gavage for 5 days with RAD001 (10 mg/kg), BEZ235 (30
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mg/kg), doxorubicin (5 mg/kg), or vehicle. Animals received 89Zr-Tf intravenously on day 3,
and PET and biodistribution studies were conducted 48 hours after radiotracer injection.
Treatment with mTOR inhibitors significantly reduced tumour uptake of 89Zr-Tf compared to
vehicle and doxorubicin treatment (Figure 28C and 28D). BEZ235 treatment also reduced
89

Zr-Tf uptake in a separate cohort of mice bearing subcutaneous ELT3 tumours compared to

vehicle or doxorubicin treatment, suggesting that 89Zr-Tf PET can measure treatment-induced
changes in mTORC1 signaling non-invasively.
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Figure 28. TFRC expression and Tf uptake is mTORC1 dependent in LAM and TSC
models. (A). Flow cytometry data showing that cell surface expression levels of TFRC are
higher in Tsc2 mutant ELT3 V3 cells compared to ELT T3, a subline with stable expression of
wild type TSC2. Quantification of the mean fluorescence intensity from replicates shows that
V3 cells have ~50% higher expression of cell surface TFRC. *P<0.01. (B). A heat map
representing the percent change in 125I-labeled Tf uptake in cells due to treatment with
mechanistically discrete mTOR inhibitors (BEZ235, INK128, RAD001) or doxorubicin. Tf
uptake is consistently repressed in Tsc1 or Tsc2 mutant cells, while a bioactive dose of
doxorubicin does not alter Tf uptake (or mTORC1 activity. (C). Representative coronal and
transverse PET/CT images showing the biodistribution of 89Zr-Tf in mice bearing
subcutaneous tsc2 ang1 tumours after prior treatment with vehicle, BEZ235 (30 mg/kg)
RAD001 (10 mg/kg) or doxorubicin (5 mg/kg). ROI analysis at the tumour site showed a
statistically significant decrease in 89Zr-Tf uptake due to treatment with mTOR inhibitors
compared to vehicle or doxorubicin treated mice. (D). Tumour biodistribution data from the
animal cohort treated as described in C. Blood and muscle values are shown as reference
tissues not expected to be impacted by drug treatment. *P<0.01 compared to vehicle treated
mice. (Data are decay corrected).
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Chapter 7. Discussion and Conclusions

My work aimed at devising new approaches to using the radiolabeled antibodies for
diagnostics as well as therapy of RAS driven cancer. Besides the main project, two
independent studies focusing on fields of mTOR regulation as well as checkpoint inhibitors
were conducted working on the goal of developing new strategies for cancer treatment and
molecular imaging.
By conducting the main study, I have successfully confirmed that Cub domain
containing protein 1 (CDCP1) may serve as a target for visualization and treatment of RAS
driven cancer cells on the example of pancreatic cancer CDX and PDX models. Furthermore,
we have demonstrated the ability of

89

Zr-labeled and

177

Lu-labeled 4A06 antibody to stably

bind to CDCP1 and act as a delivery system for Immuno/PET imaging and Immuno/SPECT
imaging. Moreover, the data allowed me to successfully present the first RAS targeted
therapy based on

177

Lu-4A06 Abs, which reliably inhibits tumour growth in the pancreatic

cancer model.
Our strategy for the second project exploited a functional connection between a loss
of TSC1/2, and an mTORC1-dependent increase in cell surface TFRC expression and Tf
uptake into cells. Importantly, 89Zr-Tf detected renal cystadenomas spontaneously arising in a
GEM model of TSC. Moreover, a pathologically diverse panel of TSC and LAM cell lines
bore high avidity for Tf in an mTORC1-dependent fashion. Lastly, a short term treatment of
TSC and LAM xenografts with mechanistically discrete mTORC1 inhibitors showed that
intracellular changes in mTORC1 signaling can be measured with

89

Zr-Tf PET prior to the

onset of volumetric regression. A novel molecular imaging approach that may improve the
detecting and monitoring the clinically problematic cells arising from TSC and/or LAM was
described herein.
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Lastly, my colleagues and I took advantage of the increase in availability of
experimental imaging technologies to non-invasively measure immune checkpoint protein
expression which presented the opportunity for rigorous comparative studies towards
identifying a gold standard.

89

Zr-atezolizumab is currently in man, and early data show

tumour targeting as well as abundant uptake in several normal tissues. Therefore, I conducted
a reverse translational study both to understand if tumour to normal tissue ratios for
atezolizumab could be improved and to make direct comparisons to

89

89

Zr-

Zr-C4, a radiotracer

that we proved to be capable of detecting a large dynamic range of tumour-associated PD-L1
expression. PET/ CT and biodistribution studies in tumour-bearing immunocompetent and
nu/nu mice revealed high specific activity of

89

Zr-atezolizumab (∼2 μCi/μg) binding to PD-

L1 on tumours but also resulting in a very high uptake in many normal mouse tissues, as
expected. Unexpectedly,
tissues compared to

89

89

Zr-atezolizumab uptake was generally higher in normal mouse

Zr -C4 and lower in H1975, a tumour model with modest PD-L1

expression. Unexpectedly as well, reducing the specific activity at least 15-fold suppressed
89

Zr-atezo uptake in normal mouse tissues but increased the tumour uptake to levels observed

with high specific activity of 89Zr-C4.

RAS / CDCP1 research
Up to date A406 is the only anti-CDCP1 antibody with a high potential to become
both a diagnostic tool and a therapeutic agent. Previously studied antibodies such as RG7287
[G. Kollmorgen et Al., 2016] were never reported to get into clinical trials. My research is
contributing to solving the challenge of targeting RAS pathway being critical in cancer
research of the last decade. This pathway is commonly regarded as undruggable, while it
drives various cancers in nearly a million new patients every year. My approach represents a
new way to directly target RAS driven tumours and is in unison with multiple drugs targeting
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downstream pathways, such as Panitumumab (EGFR inhibitor), Pimasertib, Tramatinib
(MEK-inhibitor) being at early stages of clinical TRIALs. No other credible options are
discovered to date.
Assessing the tumour progression and treatment response as well as tumour disease
burdens is a crucial part of cancer treatment, especially for ones requiring surgical resection. I
have shown 4A06 to be a promising diagnostic tool with high tumour to blood and tumour to
muscle ratios. Since 89Zr is actually in clinics (Groningen group), it can be urged to the first
in-human PET-CT visualization. Even though the cytotoxic potential of 4A06 was shown
using Jurkat/NFAT T-cell model, a lot of studies are to be done. Future prospective includes
developing mice cross-reactive antibody to test cytotoxic and other downstream effect of
4A06 in mice cancer cell line models and GEM models. Other avenue to discover is to target
new types of cancer and look outside of RAS-mutation pathway, including colon lung breast
cancer, prostate and kidney cancer. Potential combination therapy with check point inhibitors
(PD-L1/PD-1, CTLA4 blockade) or with anti-EGFR antibodies to overcome resistance to
such treatment remains to be studied.

mTOR / Transferrin
By conducting the second study I have successfully confirmed a new molecular
imaging approach that may improve the detection and monitoring of clinically problematic
cells arising from TSC and/or LAM. The strategy exploits a functional connection between a
loss of TSC1/2, and an mTORC1-dependent increase in cell surface TFRC expression and Tf
uptake into cells. Importantly, 89Zr-Tf detected renal cystadenomas spontaneously arising in a
GEM model of TSC. Moreover, a pathologically diverse panel of TSC and LAM cell lines
bore high avidity for Tf in an mTORC1 dependent fashion. Lastly, a short-term treatment of
TSC and LAM xenografts with mechanistically discrete mTORC1 inhibitors showed that
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intracellular changes in mTORC1 signaling can be measured with

89

Zr-Tf PET prior to the

onset of volumetric regression.
The limited clinical data suggest that conventional PET/CT is not useful for studying
benign disease burden, as angiomyolipoma and LAM are not avid for 18F-fluorodeoxyglucose
(FDG). Malignant angiomyolipoma is detectable with

18

F-FDG and

11

C-acetate PET;

however, the overall risk of developing malignancies due to TSC or LAM is minimal.

11

C-

methyl-L-tryptophan PET may be useful to detect epileptogenic brain tubers, though its
mechanism of action makes this radiotracer unlikely to be useful for detecting disease outside
the brain.
While 89Zr-Tf is experimental and not ready to be tested in humans, PET studies with
68

Ga-citrate were performed, which potently binds to apo-Tf after i.v. administration [Larson

et al, 1978]. In preclinical tumour models, 68Ga-citrate has a virtually identical biodistribution
to

89

Zr-Tf, despite a significantly shorter uptake time (4 versus 48 hours). Moreover,

68

Ga-

citrate PET/CT and PET/MR studies were conducted in over 20 patients with castrationresistant prostate cancer and hepatocellular carcinoma at UCSF since 2015. That 68Ga-citrate
is avidly taken up by these tumour types, known to have mTORC1 hyperactivity, gives us
optimism that the encouraging preclinical data with 89Zr-Tf will be translated into meaningful
clinical findings for TSC and LAM patients when imaged with 68Ga-citrate PET. Considering
the facts discussed above, next step for the project is to show proof-of-concept clinical
imaging studies to this end.

Checkpoint inhibitors / Atezolizumab
Measuring PD-L1 with non-invasive imaging is an unusual clinical challenge, as it
need not be overexpressed to promote tumour growth, and patients with as little as 1% of PDL1 positive cells on immunohistochemistry can experience durable clinical responses to anti-
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PD-1/PD-L1 therapies. Therefore, the ideal non-invasive companion diagnostic should be
capable of measuring the largest possible dynamic range of PD-L1 expression to
accommodate the diversity of antigen expression that is presented clinically.

89

Zr-atezo

requires a trial to determine if a specific activity can be identified that reveals antigen on
tumours with low expression without blocking binding to tumours with abundant antigen
expression. Alternatively,

89

Zr-C4 may be more straightforward to implement clinically, as

high specific activity formulations result in higher binding to tumour with lower
“background” in normal tissues compared to 89Zr-atezo. Why 89Zr-C4 differs from 89Zr-atezo
in this regard is currently unclear. The difference is likely to be unrelated to recognizing
discrete subpopulations of endogenous PD-L1, as unlabeled atezo or C4 were both found to
be effective, albeit to different extent, at suppressing the binding of

89

Zr-atezo to natively

expressed PD-L1 on B16F10 cells in vitro. One of further steps is to understand the basis for
the biodistribution differences, as well as to prepare

89

Zr-C4 for a clinical trial in which its

ultimate utility can be assessed. Moreover, the findings from this study argue strongly for
further studies to determine if tumour measurement of PD-L1 by emerging low molecular
weight constructs also requires low specific activities [Chatterjee et al, 2017]. In summary,
these reverse translational studies with

89

Zr-atezo have revealed a special importance of

lower specific activity to measure tumour-associated PD-L1, especially for tumours with
modest antigen expression.
Overall, I have conducted numerous preclinical studies going significantly beyond the
scope of previously published work yet still in demand in this area of cancer research. It
resulted in validation of CDCP1 as a prominent target for both diagnostics and treatment
using antibodies labeled with

89

Zr and

177

Lu as well as confirming that

89

Zr labeled

transferrin can be successfully used in preclinical and, with more detailed studies, clinical
cases involving tuberoslerosis in cancer. Our data on

89

Zr labeled Atezo vs C4 antibodies
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demonstrate some intrigue as of how to build up on it, but also a clear path for successful
Immuno/PET studies using these agents.
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Supplementary

Supplemental Figure 1. 89Zr-4A06 detects pancreatic ductal adenocarcinoma in patientderived xenografts (PDX). H&E staining of PDX tumours, digital autoradiography (DAR)
showing penetration of PDX tumour by 89Zr-4A06 and merged view, 20X and 40X
magnifications. PDXs from two differend patients (A) and (B) are demonstrated.

