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ABSTRACT 

Over the last few decades, antibodies have become the mainstay of 

cancer diagnosis and therapeutics. In traditional radioimmunotherapy (RIT), 

tumor targeting antibodies are directly conjugated with radioisotopes and 

depending on the radionuclides’s properties, the direct labeled antibodies can be 

used for diagnostic or therapeutic purposes. However, one of the major 

challenges of using radiolabeled antibodies for therapy is their long serum half-

lives. It generally takes 5-7 days for antibodies to achieve maximum tumor 

binding. This slow blood clearance results in high normal tissue irradiation and a 

poor therapeutic index. This is exemplified by the fact that to date, only two 

radiolabeled antibodies have been approved by the FDA for radioimmunotherapy 
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of cancer. In order to overcome this obstacle, several pretargeting strategies 

have been developed and investigated. The pretargeted radioimmunotherapy 

approach (PRIT) decouples the administration of tumor targeting monoclonal 

antibodies (mAbs) from that of the radiolabeled ligand. This multi-step strategy 

allows delivery of high doses of radiation to tumor cells while minimizing non-

specific normal tissue irradiation. In this study, we evaluated the potential of 

pretargeted α-particle radioimmunotherapy based on inverse electron demand 

Diels-Alder reaction (IEDDA) between trans-cyclooctene (TCO) and tetrazine 

(Tz). Two tetrazine based chelators, DOTA-Tz and TCMC-Tz, were synthesized 

and compared for their radiolabeling efficiency with 212Pb, radiochemical stability 

and in vivo pharmacokinetics. Dosimetry was determined from pretargeted 

biodistribution studies. The PRIT study was carried out in LS174T tumor bearing 

mice pretargeted with CC49-TCO mAbs. After removing unbound mAbs from the 

blood using two doses of clearing agent, mice were treated with various doses of 

(0, 75, 125, 200, and 2 x 75 µCi) of 212Pb-DOTA-Tz. 212Pb-DOTA-Tz displayed 

better in vivo biodistribution than 212Pb-TCMC-Tz and was selected for PRIT 

study. All the mouse groups receiving treatment displayed dose dependent 

reduction in tumor size, while the control groups showed exponential tumor 

growth. Groups receiving 200 µCi of 212Pb-DOTA-Tz and 15 µCi of direct labeled 

CC49 exhibited acute radiation associated toxicity. Treatment with 75, 125, and 2 

x 75 µCi of 212Pb-DOTA-Tz resulted in statistically significant improvement in 

median survival (26, 35 and 39 days respectively). This study successfully 

demonstrated that pretargeted 212Pb α-particle therapy resulted in reduced tumor 
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growth rates and improved survival with minimal normal tissue toxicity, as 

detailed in Chapter 2. 

Lung cancer is the leading cause of the cancer related deaths in the 

United States and world-wide. In 2018, it is estimated that about 234,030 new 

patients will be diagnosed and 154,050 will die of lung cancer in the United 

States. Once the cancer is metastasized, the 5-year survival rate is reduced to 

less than 5%. Matrix metalloproteinase-12 (MMP-12) is a member of family of 

zinc dependent endopeptidase enzymes that are involved in extracellular matrix 

(ECM) remodeling. MMP-12 is generally expressed by macrophages and is 

associated with degradation of elastin in ECM. A growing body of evidence 

suggests that MMP-12 plays a key role in lung cancer proliferation and 

metastasis. Single-chain antibody fragments (scFv) were selected against MMP-

12 using phage display methodology to develop target vectors for lung cancer 

radioimaging. The McCafferty scFv library was screened to isolate MMP-12 

specific antibodies. Two rounds of selection against purified MMP-12 resulted in 

8 unique scFv clones which showed MMP-12 specific binding. The selected 

clones were successfully expressed in E.coli and their binding to MMP-12 was 

confirmed by ELISA assay. Flow-cytometry and fluorescence microscopy 

demonstrated the specific binding of the selected scFv clone to the MMP-12 on 

human lung adenocarcinoma cells A549. The selected scFv was conjugated with 

ultrasmall silica nanoparticles and the resulting nano-conjugate was radiolabeled 

with 89Zr. The 89Zr-labeled scFv-nanoparicles were injected in mice bearing A549 

tumors for in vivo PET/CT imaging. The whole-body images revealed a tumor 
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specific uptake of 89Zr-labeled scFv-nanoparicles with minimum non-target 

accumulation. The data from this study clearly demonstrated the potential of 

MMP-12 as a novel diagnostic marker for lung adenocarcinoma and that MMP-

12 specific scFv-nanoparticle conjugates can be used for non-invasive in vivo 

imaging. This project is detailed in Chapter 3.  

 Thomsen-Friedenreich (TF) is a disaccharide (Galactose β1-3 N-

acetylgalactosamine) antigen, which is present on about ~90% of carcinomas.  

The TF expression on the tumor cell is correlated with poor prognosis and tumor 

propagation. TF antigen is also involved in cell to cell adhesion and metastasis, 

making it a very good target for cancer imaging and therapy. Using phage display 

technology, TF binding scFv fragments were selected from the McCafferty 

antibody library. The selected scFv clones were characterized in vitro for their TF 

specificity and cell binding properties by ELISA and flow-cytometry assay. The 

selected TF specific clone (9C-scFv) was radiolabeled with 99mTc by directly 

conjugating 99mTc to the C-terminal 6x His-tag. The 99mTc-labeled 9C-scFv was 

injected in mice bearing MDA-MB-231 human breast cancer xenografts. The 

SPECT/CT images, acquired 4 hours post injection, revealed a moderate tumor 

uptake of radiolabeled scFvs with significant accumulation in the liver and 

kidneys. The phage display derived single-chain scFv fragments against the TF 

antigen demonstrated potential for development as an imaging agent but 

requires more work to achieve favorable pharmacokinetics.  
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CHAPTER 1 

 

INTRODUCTION 
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Molecular Imaging 

 

Molecular imaging not only provides means for non-invasive cancer 

diagnosis and staging but also plays an important role for treatment planning, 

treatment response assessment, surgical management, and post treatment 

evaluation for cancer relapse.(1) Traditionally, physicians have relied upon the 

classical imaging modalities like X-ray tests, computed topography (CT) scans, 

ultrasound, and magnetic resonance imaging (MRI). Even though these 

techniques are the backbone of current diagnostic medicine, they are largely 

restricted to providing anatomical and physiological information.(2) With the 

advent of the personalized medicine, there is a growing need to analyze specific 

targets and biomarkers in vivo. Nuclear imaging methodologies like single-photon 

emission computed tomography (SPECT) and positron emission tomography 

(PET) allow detection and functional evaluation of specific targets via the use of 

radioactive probes. Tumor targeting vectors such as various antibody forms, 

peptides, and nanoparticles can be conjugated with radioisotopes to provide a 

powerful tool for imaging specific targets with nanomolar or picomolar 

affinities.(3,4) 

SPECT imaging involves radiolabeling tissue targeting constructs with 

radionuclides that emit γ-rays. Some of the commonly used SPECT 

radionuclides include 99mTc (t1/2=6h), 67Ga (t1/2=78.3h), 111In (t1/2=67h), and 203Pb 

(t1/2=52h).(5) 99mTc is one of the most widely available and least expensive 

radioisotopes for SPECT imaging. 99mTc-labeled radioimaging agents are thus 
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the mainstay of nuclear imaging worldwide.(6,7) SPECT has traditionally been 

regarded as a nonquantitative imaging method. However, advancements in 

detector cameras, algorithms for image reconstructions, and sophisticated 

compensation techniques have now made SPECT viable for quantitative 

imaging.(8) 

 PET imaging involves the use of positron emitting radionuclides. Positrons 

emitted from decaying radionuclides collide with electrons in nearby tissue 

resulting in annihilation and emission of two 511 keV photons oriented at 180 

degree from each other. Detectors, arranged in a ring configuration detect the 

emitted photons and the data are reconstructed into a whole-body image to map 

the distribution and concentration of the radionuclide in the body.(9) Typical 

clinical PET scanners have roughly 10-fold greater sensitivity than the SPECT 

instruments, facilitating the detection of radiotracers at picomolar concentrations. 

Because of the advances in genomic and proteomic sciences, several new 

cancer biomarkers were discovered in the last decade. This coupled with more 

availability of radionuclides and a myriad of different conjugation and chelation 

strategies have fueled the interest in PET imaging. Positron emitting radiometals 

such as 18F (t1/2 = 1.8 h), 64Cu (t1/2=12.7 h), 68Ga (t1/2=1.1 h), 86Y (t1/2=14.7 h), and 

89Zr (t1/2=78.4 h) are increasingly used for PET imaging due to favorable half-

lives and the availability of a number of metal chelators and prosthetic 

groups.(10-12)  

Intact antibodies have long been used for targeted therapeutics due to 

their specificities and target affinities. However, their long serum half-lives and 
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poor biodistribution profiles hamper their use as imaging agents.(13) Many of 

these issues can be overcome by the use of smaller tumor targeting vectors such 

as peptides, and various antibody fragments like single-chain variable fragments 

(scFvs), Fab domains, and nanobodies. These constructs display improved 

pharmacokinetic properties such as better tissue penetration and rapid blood 

clearance without compromising binding specificities. This allows the imaging 

studies to be performed on the same day after injection of radiolabeled scFv 

rather than waiting for 1-3 days in the case of an intact antibody.(14,15) The 

choice of PET and SPECT imaging can be made based upon the availability of 

radionuclide, cost, half-life of the isotope and the intended use. Typically, the 

decay half-life of the radioisotope is matched with the serum half-life of the 

targeting agent. Both imaging methods provide several options for non-invasive 

ways for cancer detection and characterization.  
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Pretargeting 

 The success of any cancer diagnostic or therapeutic strategy relies upon 

the selective uptake of the targeting agent in the tumor. Because of their high 

binding affinities and specificities, monoclonal antibodies have long been used as 

targeting vehicles for delivering radionuclides for imaging as well as therapeutic 

applications. Even though radiolabeled antibodies have been investigated since 

1950, to date only 90Y-labeled ibritumonomab and 131I-labeled tositumomab have 

been approved by the FDA for non-Hodgkin’s lymphoma therapy.(16,17) The 

major hindrance in the success of the radioimmunotherapy (RIT) is the poor 

pharmacokinetics of the full length monoclonal antibodies (mAbs). Because of 

their larger size (150 kDa), mAbs have a long serum half-life and it may take 5-7 

days for antibodies to achieve maximum tumor accumulation. The prolonged 

circulation of radiolabeled antibodies leads to high tumor accumulation, however 

at the cost of excessive normal tissue irradiation. This is especially detrimental in 

radioimmunotherapy as it significantly limits the amount of dose administered 

and reduces the therapeutic effectiveness. To overcome the drawbacks of 

conventional RIT, several pretargeted radioimmunotherapy (PRIT) strategies 

have been developed and investigated.(18) 

 Pretargeting strategies generally involve three steps: 1) Administration of 

highly tumor specific antibodies and their accumulation at the target site, 2) 

Following maximum tumor uptake, freely circulating antibodies are removed from 

the blood using a clearing agent, 3) After sufficient time, a fast clearing 

radiolabeled species is injected which has high specificity and affinity towards 
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tumor bound antibodies.(19) Because of their small size, any unbound 

radiolabeled effector molecules are rapidly excreted out of body via the kidneys. 

As a result, high tumor-to-nontumor (T/NT) ratios can be achieved resulting in an 

improved therapeutic index compared to the conventional RIT. Some of the 

earlier classes of pretargeting strategies include biotin/avidin systems, bispecific 

antibodies, and complementary oligonucleotides. Even though these approaches 

displayed some promise, they have had limited success due to several 

disadvantages like immunogenicity, slow reaction rates, and low binding 

constants. Over the past decade, a new class of biorthogonal click-chemistry 

reactions has been increasingly investigated and has shown great promise in 

cancer radioimaging and radiotherapy.(20) 

 According to Bertozzi et al., for a chemical reaction to be termed as 

biorthogonal, it must be very selective, high yielding, have very fast reaction 

kinetics, have biologically inert components, and produce non-toxic 

byproducts.(21) Cu(I)-catalyzed azide-alkyne click chemistry (CuAAC) is one of 

the most prominent examples of biorthogonal reactions. It is an extremely 

efficient reaction between azide and alkyne functionalized molecules forming a 

stable conjugate via a triazole moiety. Over the years, a number of imaging 

probes have been designed and investigated for in vivo radioimaging using this 

strategy.(22-24) However, the necessity of cytotoxic copper as a catalyst for the 

CuAAC reaction would severely limit its application in a clinical setting. As a 

result, metal-free click-chemistry reactions have attracted significant interest in 
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recent times for radioimaging as well as therapeutic applications in living 

systems.  

 The Staudinger ligation is one of the earliest metal-free click chemistry 

reactions investigated.(25) It involves a highly selective reaction between azide 

and phosphine groups resulting in formation of an amide bond. In 2011, Van 

Dongen and co-workers functionalized an anti-CD44v6 mAbs with azide groups 

and synthesized phosphine containing small radiolabeled effector moieties for in 

vivo tumor radioimaging. Unfortunately, there was no in vivo Staudinger reaction 

detected. It was mainly because of slow reaction rates (k2 = 2 x 10-3 M-1s-1) as 

well as oxidation of the phosphine group which made it unreactive.(26) 

 Strain promoted alkyne-azide cycloaddition (SPAAC) represents another 

class of copper-free biorthogonal reactions. It relies upon the use of strained 

cyclootyne and azide moieties and can achieve up to 3 orders of magnitude 

faster reaction kinetics (k2 = 0.31 M-1s-1).(27) In 2013, Lee et al. successfully 

displayed the potential of SPACC reaction for in vivo tumor PET imaging using 

cyclootyne modified nanoparticles and 18F-labeled azide ligands.(28) Even 

though SPAAC has much faster reaction kinetics, it is still not fast enough to be 

used in low enough concentrations typically used in in vivo applications.  

 The discovery of the inverse electron-demand Diels-Alder cycloaddition 

(IEDDA) reaction between trans-cyclootene (TCO) and tetrazine (Tz) by Fox and 

coworkers was the turning point in terms of in vivo application of biorthogonal 

reactions. This is a highly specific and rapid reaction with reaction rates of up to 
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2.5 x 105 M-1s-1.(27,29) In their landmark study in 2010, Rossin et al. 

demonstrated for the first time, the application of IEDDA-based click-chemistry 

approach for SPECT imaging in a mouse tumor model.(30) In this study, mice 

bearing LS174T xenografts were pretargeted with TCO modified CC49 mAbs. 

111In-DOTA labeled tetrazine was injected 24 hours after the CC49-TCO mAb 

administration for SPECT imaging. Following a similar approach, Lewis and 

Zegils developed PET imaging strategies using 64Cu-labeled tetrazine 

species.(31) Since then, there have been numerous IEDDA-based studies that 

have been conducted using various tumor targeting vectors such as diabodies, 

affibodies, and nanoparticles. The application of TCO-tetrazine based click-

chemistry is not only limited to imaging studies. Recently, Houghton et al. 

demonstrated the feasibility of pretargeted radioimmunotherapy (PRTI) using 

TCO conjugated antibodies and 177Lu-DOTA labeled tetrazine.(32) 
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Alpha Particle Based Therapy 

Nuclear decay occurs as a result of spontaneous disintegration of atomic 

nuclei resulting in more stable nuclei. The three major types of radiation include 

alpha particles, beta particles, and gamma rays. All of these radiations differ in 

their physical characteristics and thus in their intended use.(33) Alpha radiation is 

made up of charged particles composed of two protons and two neutrons. They 

are essentially 4He nucleus with +2 net charge. Alpha emission usually occurs in 

elements of high atomic number (Z > 82) and is an example of ionizing radiation. 

The emitted alpha particle, due to its mass and energy, can knock an orbital 

electron from the interacting atom creating a positively charged ion. This pair of 

negatively charged electrons and positively charged ions can then go on to 

cause further ionization reactions in their paths. Alpha particles move relatively 

slowly and deposit large amounts of energy per unit path length (100 keV/µm). 

Alpha particles offer several advantages over beta particles and gamma radiation 

for use in targeted radiotherapy. First, alpha particles have a very short tissue 

path length of around 50-100 µm. When combined with its high linear energy 

transfer (LET), they can deposit a therapeutic dose in a highly localized manner 

with negligible damage to normal tissue. They induce double stranded DNA 

damage which is irreparable and produce nucleotide modifications that cause 

apoptosis, cell cycle-arrest and autophagy.  Moreover, these cytotoxic damages 

are independent of the tissue oxygen level and can thus be effective in a hypoxic 

tumor microenvironment.(34) These properties make alpha particles an attractive 
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choice for the use in radioimmunotherapy, especially in the treatment of 

micrometastatic and disseminated tumors.   

The fundamental goal of any cancer radioimmunotherapy is to deliver a 

cytotoxic radiation dose to the tumor with minimum irradiation to the surrounding 

healthy tissue. Alpha particle based therapy offers a decisive advantage towards 

this goal due to its intense ionizing track over a very short path length in tissues. 

Several alpha emitting radioisotopes have been investigated over the years for 

their potential therapeutic application. These include 211At, 212Bi, 213Bi, 225Ac, 

212Pb, 227Th, and 223Ra.(35) Pretargeted radioimmunotherapy (PRIT) described in 

Chapter 2 of this dissertation was carried out using 212Pb. It is important to note 

here that 212Pb is not an alpha emitter but decays to 212Bi, which actually emits 

alpha particles. The short half-life of 212Bi (t1/2 = 60 min) presents a challenge in 

dose preparation and delivery. By using 212Pb as an in vivo generator for 212Bi, it 

is possible to deliver more than 10 times the administered dose compared to 

212Bi while overcoming the time constraints of 212Bi.(36,37) 212Pb is a product of 

228Th decay chain and can be produced from the 224Ra/212Pb generator. 

Traditionally, the bifunctional chelator 1,4,7,10-tetraazacyclododecane-1,4,7,10-

tetraacetic acid (DOTA) has been used to radiolabel mAbs, peptides, and other 

molecules with 212Pb.(38-40) Although DOTA has been used successfully to 

radiolabel 212Pb with a high labeling yield, around 30% of 212Bi is released from 

the complex during 212Pb to 212Bi decay.(41) Also, DOTA requires heating the 

reaction mixture to >80°C which is not ideal for labeling thermolabile proteins like 

antibodies. To overcome this issue, Brechbiel and coworkers have developed 
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1,4,7,10-tetra-(2-carbamonyl methyl)-cyclododecane (TCMC) as a novel chelator 

to stably chelate 212Pb at 37°C.(41) Preclinical studies with 212Pb-TCMC-

Trastuzumab demonstrated an improvement in median survival of mice from 19 

days to 56 days.(38) 212Pb-labeled peptides in a melanoma tumor model have 

shown the improvement in survival from 15 to 50 days.(39) Combination therapy 

studies of 212Pb-labeled trastuzumab with gemcitabine or paclitaxel have 

successfully showed the therapeutic efficacy of this approach where the median 

survival of animals receiving treatment were improved significantly.(42,43) 

Because of its success in animal models, 212Pb-TCMC-Trastuzumab was 

recently approved for phase I clinical studies at the University of Alabama. The 

results of this study have clearly demonstrated the potential and feasibility of 

alpha particle based therapeutic approaches.(44,45) Combining the benefits of 

superior pharmacokinetics of the PRIT approach with alpha emitters may 

produce even better results and thus requires further investigation.  

 

 

 

 

 

 

 



12 
 

Single-Chain Antibody Fragments (scFvs) 

Monoclonal antibodies (mAbs) are a major weapon of the body’s immune 

system against foreign antigens derived from bacterial and viral infections. In 

1975, Kohler and Milstein demonstrated for the first time the ability to generate 

antibodies in vitro by cell fusion between antibody generating B cells and 

immortal myeloma cells.(46) Since then monoclonal antibodies have transformed 

cancer diagnostics and therapeutics due to their excellent specificity and binding 

affinities. The IgG antibody molecule is made up of 4 chains, 2 heavy chains and 

2 light chains, arranged in a “Y” shaped structure. (Fig. 1.1) The antigen binding 

domains, which are specific for each antigen, are located on the tips of Fab 

domains. The fragment crystalline domain (Fc), which binds to the Fc receptors, 

is involved in recruitment of cytotoxic effector molecules and is responsible for 

long serum half-lives (> 10 days) of the antibodies. The IgG class of antibodies 

are 150,000 kDa in size and are bivalent in nature.(47) Even though full length 

mAbs have been invaluable in recent decades as therapeutics as well as 

diagnostic agents in a number of diseases, there are instances where Fc-

mediated effects are not desirable.  For example, the long serum half-life of full 

length antibodies results in high background noise and poor contrast in imaging 

applications. The unwanted activation of Fc-mediated activation of Fc-receptors 

may lead to massive cytokine release and associated cell toxicities.(48) Thus, 

antibodies have been modified either enzymatically or genetically engineered to 

be expressed  in various monovalent or multivalent forms.  
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Single-chain variable fragments (scFv) consist of the smallest stabilized 

antigen binding domain where variable heavy chain (VH) and variable light chain 

(VL) domains are joined by a flexible peptide linker. (Fig.1.1) Each V domain 

contains three hypervariable loops, which form the antigen-binding site, and are 

referred to as complementarity determining regions (CDRs). The amino acid 

sequences of these CDRs are specific for individual antigens. The peptide linker 

joining VH and VL domains is usually 10-25 amino acids long. The scFv 

fragments are around 30 KDa in size with each variable domain containing 

roughly 110 amino acids.(49,50) 

 The scFv fragments retain the antigen binding specificity of the parent 

mAbs and offer several advantages over full length antibodies. Due to lack of the 

Fig: 1.1 Schematics of full length IgG monoclonal antibody and single-

chain fragment (scFv) 
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Fc domain, scFvs are devoid of immunogenicity. They can be expressed and 

purified in large quantities in bacterial as well as mammalian systems. Because 

of their smaller size, scFvs offer superior pharmacokinetic properties such as 

higher tissue penetration and rapid whole-body clearance.(51) This is important 

in the in vivo radioimaging applications where a reduction in background noise is 

as important as target recognition for attainment of high contrast images. The 

radiolabeled scFv fragments quickly bind to their tumor targets and any unbound 

scFvs are excreted out of the body via kidneys within a few hours. These 

properties have made scFvs one of the most used agents for molecular imaging. 

So far scFvs have been labeled with several radionuclides (111In, 64Cu,68Ga, 

99mTc) for successful in vivo PET and SPECT imaging.(52-55) 

 Although scFvs offer several advantages they are not without their 

drawbacks. Due to their monovalent nature, scFvs have lower binding affinities 

and higher target off rates than the full length antibodies. Combined with their 

rapid blood clearance rates, this generally impairs the tumor uptake of scFvs. 

These drawbacks have been remedied by genetically engineering antibodies into 

various multi-valent forms, which offer higher avidity without compromising fast 

blood clearance compared to monovalent scFv fragments.  
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Phage Display of Antibodies 

Phage display technology, first described by Dr. George Smith in 1985, 

allows insertion of foreign amino acids into phage coat proteins and creating 

phage display libraries.(56) McCafferty and co-workers reported the display of 

single-chain antibody fragments (scFvs) on the phage surface in 1990.(57) Since 

then, phage display has been successfully used to display peptides, various 

forms of antibodies, receptors, and enzymes.(58-60) The most commonly used 

phages are the filamentous single-stranded DNA phages (M13, fd and f1) and 

two of the most common sites for insertion of foreign sequences are coat 

proteins pIII and pVIII.(61-64) The power of the phage display technology comes 

from the ability to co-select peptides/proteins and their genes using a large and 

diverse library. The term antibody phage display library refers to the collection of 

phage particles that displays antibody fragments on their surfaces. The 

McCafferty phage display library was created by sequentially cloning a repertoire 

of human light chain variable regions (VL) followed by human heavy chain 

regions (VH) in the pSANG4 phagemid. The VH and VL pools were created by 

PCR amplification of non-immunized human lymphocytes.(57,65) This results in 

a naïve or non-immunized scFv antibody library that can be used to isolate 

antibodies against a range of different antigens, including antibodies recognizing 

“self” proteins or toxic antigens.  
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Figure: 1.2 Schematic of phage display selection process  
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 The goal of an antibody phage display selection process is to isolate a 

subpopulation of antibodies against a specific biomarker from a large and diverse 

library. The McCafferty library has a diversity of 1.1 x 1010 unique scFv clones 

with each clone having around 100 copies.(65) The general scheme of phage 

display selection involves incubating an entire library with an immobilized target. 

Phages are allowed to bind to the target and non-specifically bound phages are 

washed away. The target bound phages are eluted using trypsin mediated 

proteolyic cleavage and are amplified in TG1 E.coli cells. These amplified phages 

are then rescued by helper phage superinfection and the resulting subset of 

phage population is used for the next round of selection (Fig. 1.2). The antibody 

library is subjected to multiple rounds of selection with each round being more 

stringent than the previous one in order to isolate high affinity antibodies aginst a 

target of interest. One has to be careful though as excessive rounds of selection 

can lead to enrichment of so-called “bald” phages which do not display any scFv 

but have a signifcantly higher growth advantage. 

 The use of trypsin-cleavable KM13 helper phage ensures that only 2 

rounds of selection are required instead of the usual 3-4 rounds. This helper 

phage was engineered with modified pIII protein which has a trypsin-sensitive 

site in pIII protein (Fig. 1.3).(66,67) During phagemid rescue and phage 

assembly, both pIII protein from helper phage and pIII-scFv fusion protein from 

phagemid compete for packaging into phage particles.  In fact, approximately 

90% of all phage particles produced have only pIII protein from the helper phage 

and do not display scFv on their surfaces. The remaining 10% phages carry at 
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least one phagemid derived recombinant pIII-scFv fusion protein and thus display 

antibody fragments on their tips. During trypsin elution, pIII-scFv fusion protein is 

cleaved between scFv domain and pIII leaving the phage particle with at least 

one intact pIII protein and their infectivity. Meanwhile trypsin treatment also 

cleaves helper phage derived pIII proteins resulting in truncated phage particles 

with defective pIII protein. Because of the loss of D1 and D2 domains in these 

“bald” particles, they lose their bacterial infectivity. Thus, the use of genetically 

modified M13 helper phage and trypsin treatment make all particles (phagemid 

and helper) that do not have at least one phagemid-encoded recombinant pIII-

scFv protein non-infective and reduces the population these “bald” phages from 

the selection process.  
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Fig 1.3: Principle of trypsin based elution 
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 Isolation of antibody fragments against a specific target can be 

accomplished using purified protein or directly on the cells expressing a particular 

target. Phage display can also be used to identify antibodies against non-protein 

targets like small moelcules which is very difficult to achieve using immunization. 

The scFvs isolated from phage display have binding affinities in the micromolar 

to nanomolar range.(68,69) This can be further increased by affinity maturation 

where the sequence of initial lead scFv is used to create a sub-library, which is 

screened again to enrich for binders with higer binidng affinities.(70) Apart from 

directly selecting human antibodies against a target protein with nanomolar 

affinities, it is also possible to tailor the selection and screening techniques to 

isolate antibodies with many other attributes  like agonistic or antagonistic 

properties, potency, specificity, stability, and cross-reactivity.(87-89) Antibody 

fragments isolated from phage libraries can be readily reformatted into full length 

IgG format without the loss of function. All of these in vitro flexibilities and 

advantages make phage display technology very attractive for the discovery of 

new therapeutics. As of 2017, more than 60 phage display-derived drug 

candidates are in various stages of clinical trials. So far, US FDA has approved 6 

antibodies and 1 peptide based drugs discovered by phage display.(90) 

Adalimumab (Humira), the first fully human monoclonal antibody drug approved 

by US FDA, was discovered from phage display using the McCafferty library. 

Humira had sales of $18.9 billon worldwide in 2017.(91) This demonstrates the 

potential and power of phage display technology as rapid, efficient, and relatively 

inexpensive way of  generating biological agents. 
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Matrix Metalloproteinases (MMPs) 

Matrix metalloproteinases (MMPs) are a family of 25 zinc-containing 

protease enzymes that are involved in degradation of extra cellular matrix (ECM) 

and basement membrane components. MMPs are structurally related: they all 

have a propeptide domain, a zinc-containing catalytic domain, and a hemopexin-

like domain. The propeptide domain gets cleaved during the activation leaving a 

truncated active enzyme, while the hemopexin domain is involved in protein-

protein interaction and substrate specificity.(71) The ECM is a complex and 

dynamic network that is made up various macromolecules such as collagens, 

fibronectins, proteoglycans, glycosaminoglycans, and other glycoproteins. It acts 

as a glue to keep cells together and functions as a pool of various growth factors 

and signaling molecules. In normal physiological condition, the ECM plays an 

important role in embryonic development, morphogenesis, tissue resorption and 

remodeling, cell differentiation, growth, migration, and apoptosis.(72) The 

degradation of ECM by MMPs can thus have a profound impact on tissue 

structure, function, and remodeling.(73) The uninhibited activities of MMPs have 

been implicated in various pathological conditions like inflammation, arthritis, 

fibrosis, and cancer.(74-77) Because MMPs are involved in degradation of ECM 

components, they are known to help cancer cells in detachment from the primary 

tumor cells, allowing them to escape into blood vessels for metastasis. Several 

MMPs are implicated in their role in cancer metastasis and it is possible that they 

work in tandem.(78,79) 
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 MMP-12 is a 54 kDa proteolytic enzyme which is mainly secreted by 

macrophages.(80) MMP-12 is implicated in numerous diseases like 

atherosclerosis, aortic aneurysm, chronic obstructive pulmonary disease 

(COPD), and rheumatoid arthritis.(81-84) Recently, more and more evidences 

are emerging which suggest that MMP-12 plays important role in lung cancer. 

MMP-12 overexpression by lung tissues has been correlated with lung cancer 

propagation.(85) At the same time, knockdown of MMP-12 from lung 

adenocarcinoma cells suppresses the cell growth and invasiveness of the tumor 

cells.(86) This body of evidences suggests that MMP-12 might be a potential 

target for lung cancer diagnosis as well as for therapy.  

 Due to advantages offered by phage display, we decided to identify 

MMP-12 specific scFvs and investigate if MMP-12 can be used as a novel 

biomarker for lung cancer detection. This project is detailed in Chapter 3.  
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CHAPTER 2 

 

Metal-Free Cycloaddition Chemistry Driven Pretargeted 

Radioimmunotherapy Using α-Particle Radiation 
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Introduction 

Conventional radioimmunotherapy (RIT) involves a single step approach 

in which a tumor targeting monoclonal antibody (mAb) is directly radiolabeled. 

Once injected, the radiolabeled mAb circulates throughout the body and 

ultimately binds to its target on tumor cells. The radiation emitting from the 

radionuclide delivers the therapeutic dose to tumor cells.(92,93) However, the 

success of RIT has been limited due to poor pharmacokinetic properties of 

antibodies. The large molecular weight of the radiolabeled mAb results in 

extended biodistribution and whole-body clearance. This prolonged blood 

circulation of radiolabeled mAbs results in lengthy radiation exposure to non-

target normal tissues, which in turn limits the amount of radiation dose 

administered and reduces the therapeutic efficacy.(94-96)  

 Pretargeted radioimmunotherapy (PRIT) is an alternative strategy 

developed to address the drawbacks associated with conventional RIT. 

Pretargeting is a multistep approach which essentially separates the delivery of 

the tumor targeting molecule from the delivery of the radionuclides. The general 

scheme of pretargeting involves administration of tumor targeting mAb, which 

has been modified with a specific tag. This modified mAb is allowed to circulate 

throughout the body and accumulate on the tumor. The unbound mAb is cleared 

from the blood usually via liver and GI tract. The clearance of unbound mAb from 

the blood can be accelerated by administration of a clearing agent. This is 

followed by the administration of low molecular weight radioactive effector 

molecules, which have a very high affinity and specificity for the tag on the 
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modified mAb. Due to their small size and fast pharmacokinetics, radiolabeled 

effector molecules bind rapidly to the pretargeted mAb on the tumor and any 

unbound radioactive effector molecules are quickly cleared out of the blood via 

kidneys. As a result, PRIT achieves a high tumor/non-tumor (T/NT) ratio allowing 

administration of high radiation doses with minimal exposure to normal 

tissues.(97,98) Several pretargeting approaches have been investigated 

extensively in preclinical studies, which include bispecific antibodies (bsAb), 

avidin/streptavidin- biotin based systems, mAb conjugated to oligonucleotides 

and mAb conjugated to enzymes.(99-103) Although these strategies have shown 

some success over the years, their effectiveness is limited because of some 

limitations. For example, streptavidin-biotin system causes induction of adverse 

immune reactions, while bispecific antibodies suffer from complexity and high 

production costs as well as  moderate biomarker binding constants.(20) Novel 

bioorthogonal chemical reactions that do not suffer from these limitations have 

increasingly been investigated over the last decade.(104) The widely evaluated 

bioorthogonal reactions include the Staudinger ligation, the strain promoted 

alkyne-azide cycloaddition (SPAAC) and the inverse electron demand Diels-

Alder reaction (IEDDA).(26-31) In 2010, Robillard et al. demonstrated the first 

successful in vivo application of an IEDDA reaction between trans-cyclooctene 

(TCO) and tetrazine (Tz) for SPECT imaging using CC49-TCO mAb and 111In-

DOTA-Tz. In subsequent studies, a clearing agent was developed to reduce 

circulating unbound antibody prior to radiolabeled tetrazine administration. 

Dosimetry studies demonstrated that the use of clearing agent resulted in an 8-
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fold increased dose to the tumor. Moreover, they showed the potential and 

feasibility of an IEDDA based pretargeting approach for in vivo PRIT using 177Lu-

DOTA-Tz.(105-107) Recently, Houghton et al. showed that a pretargeted 

approach can reduce total body dose and demonstrated the in vivo efficacy of a 

PRIT regimen using a β-emitters 177Lu labeled tetrazine and TCO modified 

mAb.(32,108)  

Alpha-particles are charged He+2 nuclei with radionuclide energies ranging 

from 2 to 10 MeV. The linear energy transfer  of α-particles, typically ~100 keV/ 

µm, is significantly higher than that of β-particles (~ 0.2 keV/ µm). Furthermore, 

α-particles have a very short tissue path length of ~100 µm and can deposit 

~1500 times more energy per unit path length than β-particles. The cytotoxic 

effects of α-particles resulting from irreversible double strand DNA damage are 

independent of dose rate, dose fractionation, or tissue oxygen levels. These 

properties make α-particle based therapeutic approaches attractive for targeted 

treatment strategies. The most widely studied radionuclides for targeted α-

radiotherapy include 225Ac (t1/2 ~ 10.0 days), 211At (t1/2 ~ 7.2 days), 212Bi (t1/2 ~ 

60.5 minutes), 213Bi (t1/2 ~ 45.6 minutes), and 212Pb (t1/2 ~ 10.6 hours).(34-

36,109,111) Moreover, the use of parent radionuclides as an in vivo generator of 

short half-life α-emitters has also been successfully employed.(37-39) In this 

report 212Pb, parent of the α-emitter 212Bi, was used to overcome difficulties 

associated with short half-life of 212Bi (t1/2 ~ 60 min). Our laboratory has 

successfully demonstrated the use of 212Pb in a peptide targeted α-particle 

therapy on melanoma tumors.(39) Over the years, Brechbiel et al. and others 
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have shown the feasibility and therapeutic efficacy of targeted RIT using 212Pb-

Transtuzumab.(40,112,113) Recently, the results of the first clinical trial 

employing 212Pb-Transtuzumab have further confirmed the safety and suitability 

of 212Pb in radioimmunotherapy.(44,45) 

In this study, we investigated the feasibility and effectiveness of 

pretargeted 212Pb α-particle radioimmunotherapy using in vivo IEDDA chemistry 

in mice bearing LS174T human colon carcinoma xenografts. We compared and 

evaluated two tetrazine-PEG conjugated chelators 1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) and 1,4,7,10-tetra-(2-

carbamonyl methyl)-cyclododecane (TCMC) (Fig. 2.1) for their 212Pb 

radiolabeling efficiencies and in vivo pharmacokinetic properties. CC49, a mouse 

IgG mAb which binds to the tumor-associated glycoprotein (TAG-72) antigen, 

was used as the tumor targeting molecule. A three step pretargeting protocol 

involving pretargeted CC49-TCO mAb, administration of a clearing agent and 

212Pb-DOTA-Tz was carried out for radioimmunotherapy. The results of the 

IEDDA based α-PRIT therapy regimen yielded dose-dependent reductions in 

tumor growth with improved survival, highlighting the clinical potential of the α-

particle based PRIT. 
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Figure 2.1: Structures of pretargeting reagents used in the study. A) TCO-NHS, 

B) DOTA-PEG
10

-Tetrazine and, C) TCMC-Bn-SCN-PEG
10

-Tetrazine, and D) 

Galactose-albumin-Tetrazine based clearing agent. 
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Materials and Methods 

Antibody Preparation and TCO conjugation:  

CC49 mAb was purified from the supernatant of its hybridoma cell line 

(American Type Culture collection, VA) using protein G affinity column 

chromatography (GE Healthcare, NJ) as per the manufacturer’s instructions. 

Rituximab (Genentech Inc.), a human mAb which targets CD20 on the surface of 

B-cells, was used in therapy as a non-targeting control antibody. 

CC49-TCO Conjugation: 

To modify CC49 mAb with TCO, 2 mg of CC49 (8 mg/ml in PBS) was 

incubated with 10 molar equivalent excess of TCO-NHS (1 mg/ml in dry DMSO). 

The pH was adjusted to 9.0 with 1M carbonate buffer and the reaction was 

carried out for 30 minutes at room temperature with agitation. The TCO modified 

CC49 was purified using PD-10 desalting columns (GE healthcare, NJ) and the 

concentration was measured by NanoDrop (Thermo Scientific). The average 

number of TCO molecules per antibody was calculated by titrating CC49-TCO 

with radiolabeled Tz as previously reported (data not shown).21   

Radiolabeling: 

224Ra/212Pb radionuclide generators were purchased from the US 

Department of Energy, Oak Ridge National Laboratory (Oak Ridge, Tennessee). 

Preferential elution of 212Pb was carried out by rinsing the generator column with 

0.5 N HCl to remove 212Bi and its daughters. Subsequently, the generator column 
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was rinsed with 2 N HCl to elute 212Pb. The eluent was mixed with 2 M HNO3 in a 

glass vial and the resulting solution was heated to dryness on a hot plate. The 

212Pb-Pb (NO3)2 residues were dissolved in 0.5 M ammonium acetate buffer (pH 

5.5) and used for radiolabeling. 

DOTA-PEG10-Tz was synthesized as previously reported.22 Synthesis of 

TCMC-PEG10-Tz is described in the supporting information (Scheme S1). For 

radiolabeling, DOTA-Tz or TCMC-Tz (2 mg/ml in 0.5M NH4Ac, pH 7.0) was 

combined with an appropriate amount of 212Pb-Pb(NO3)2 solution. The pH was 

adjusted to 5.5 and the reaction mixture was incubated at 60oC for 20 minutes. 

Unbound 212Pb was removed using a PD-10 column. Fractions containing 212Pb 

were pooled and mixed with 10 mM diethylenetriaminepentaacetic acid DTPA (5 

µL) and gentisic acid (20 mg/ml, 100 µg/ mouse dose; pH 5.5). The radiolabeling 

yield was measured by instant thin layer chromatography (ITLC) using 200 mM 

ethylenediaminetetraacetic acid (EDTA) as mobile phase. To determine the 

stability of radiolabeled complexes, an aliquot of 212Pb-DOTA-Tz and 212Pb-

TCMC-Tz was diluted in PBS, added to serum and incubated at 37oC. Samples 

were taken at various time points and analyzed by ITLC. The effective specific 

activity of 212Pb-Labeled Tz used for biodistribution was approximately 0.8 

µCi/nmol of the tetrazine chelator.  
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Tumor Model:  

All animal experiments were carried out in compliance with the Institutional 

Animal Care and Use committee approval. The pharmacokinetic and therapy 

studies were carried out in athymic female BALB/C (nu/nu) mice (Envigo, USA). 

The human colon carcinoma cell line LS174T was obtained from ATCC and was 

maintained in RPMI 1640 medium supplemented with 1% L-glutamine, 10% FBS 

and 1% penicillin/streptomycin. Mice were inoculated subcutaneously (s.c.) with 

4 x 106 LS174T cells in 100 µL sterile PBS in the right flank and used when 

tumors were clearly visible, palpable and measureable.  

Blood Clearance and Biodistribution of DOTA-Tz and TCMC-Tz: 

Two groups of 3 tumor bearing mice were injected intravenously via tail 

vein with 212Pb-DOTA-Tz and 212Pb-TCMC-Tz (100 µL/ mouse, ~10 µCi) to 

examine blood clearance. The mice were serially bled and blood samples were 

collected at 10, 20, 30, 60 minutes and 24 hours. The blood samples were 

weighed and counted for radioactivity. In a separate experiment, two groups of 

LS174T tumor mice (n=3) were injected intravenously with 212Pb-DOTA-Tz and 

212Pb-TCMC-Tz (100 µL/ mouse, ~10 µCi) to study the biodistribution profile of 

the compounds. The mice were sacrificed at 30 minutes, 3 and 6 hours post 

injection (p.i.), and tumors and organs of interest were harvested, weighed, and 

counted to measure radioactivity. The radioactive tissue samples were counted 

using gamma counter and the results were expressed as a percentage of 

injected dose per gram (% ID/g) and as a percentage injected dose (% ID). 
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Pretargeted Biodistribution:  

Mice with visible and palpable tumors (n=3 mice per group) were selected 

for biodistribution studies and were injected with CC49-TCO via tail vein (100 

µg/100 µL per mouse). Unbound, freely circulating antibodies were removed from 

circulation by administration of two doses of a galactose- albumin-Tz based 

clearing agent (120 µg/ 100 µL per mouse) 30 h and 48 h post CC49-TCO 

injection. The clearing agent should capture any unbound mAb in the blood and 

remove it from the circulation to the liver via Ashwell receptors on hepatocytes.21 

Two hours after the last dose of clearing agent, mice were injected with a 10 

molar excess to CC49-TCO of either 212Pb-DOTA-Tz or 212Pb-TCMC-Tz (~5 µCi 

per mouse containing 100 µg of gentisic acid and 50 nmol of DTPA). The mice 

were sacrificed 3 h, 24 h and 48 h after the injection of radiolabeled-tetrazine. 

Tumors and other major organs were harvested, weighed and counted for 

radioactivity. Blood values were assumed to be 6.5% of whole body weight. 

Radioactivity in the remainder of the carcasses was also counted to determine 

the whole body retention and clearance by accounting for all the activity in the 

mice. 
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Dosimetry Studies:  

Dosimetry calculations were based on total radiation energy deposited per 

unit mass, as determined for the β-decay of 212Pb as well as α, β and γ radiations 

emitted for 212Bi.43  The biodistribution profiles of 212Pb-DOTA-Tz and 212Pb-

TCMC-Tz for the organ and tissues in the LS174T tumor-bearing mice 

pretargeted with CC49-TCO were used to calculate radiation absorbed doses to 

the tumors and also to the mouse normal organs and tissues using methods 

described previously.(39,116-118)  Similar methods were previously used to 

calculate alpha-particle radiation doses in mice from 213Bi and 211At.(119,120) For 

each tumor, organ, or tissue, the time-activity measurement data were plotted, 

and a time-activity function was fitted to the plotted data by least-squares 

regression analysis; these included time-activity data generated for 14 organs 

(blood, brain, heart, lung, liver, spleen, stomach, kidneys, small intestine, large 

intestine, muscle, skin, bone and tumor).  Integration of the time activity curves 

yielded the cumulative number of radioactive disintegrations for 212Pb and 212Bi in 

each organ.  The cumulative activities associated with each organ or tissue were 

then multiplied by the equilibrium dose constants for each of the alpha- and beta- 

emissions to yield the cumulative absorbed dose, integrated to infinity (for 

complete biological clearance or radioactive decay), together with an accounting 

for beta-particle absorbed fractions.  Cross-organ beta doses for these organs 

were negligible compared to the radiation self-organ-dose imparted by alpha 

particles, and were not included.  
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Pretargeted Therapy: 

Pretargeted radioimmunotherapy was performed in mice bearing LS147T 

human colon carcinoma xenografts. Tumor bearing mice were randomized into 

study groups (n=8 mice per group) 4 days post LS174T cell inoculation ensuring 

that all study groups have approximately equal tumor volumes. Initially, four 

groups of tumor bearing animals (n=8) were injected with 100 µg of CC49-TCO, 

followed by two doses of clearing agent at 30 h and 48 h. These mice were 

treated with 75 µCi, 125 µCi and 200 µCi of 212Pb-DOTA-Tz (10 molar 

equivalents to CC49-TCO) two hours after the last dose of clearing agent (Fig. 

2.3). To determine the efficacy of a multi-dose regimen, one group of mice (n=8) 

was pretargeted with CC49-TCO and two doses of clearing agent, followed by 

two doses of 75 µCi of 212Pb-DOTA-Tz at a 7 day interval. Two non-treatment 

control groups of mice (n=8) were injected with 100 µL of PBS and 100 µg of 

CC49-TCO. As a non-specific control, a group of 8 mice was injected with 

rituximab-TCO (RTX-TCO) and received 200 µCi of 212Pb-DOTA-Tz. To compare 

the therapeutic efficacy of PRIT vs. RIT regimen, one group of mice (n=8) was 

treated with 15 µCi of direct labeled 212Pb-TCMC-CC49, which was reported to 

be the maximum tolerated dose.(111) All injections were carried out i.v. through 

tail vein and mice were monitored for tumor size, body weight and body score 

twice a week. Tumor volume was calculated by measuring length, width and 

depth of the tumors with digital caliper and using the following formula: Tumor 

volume = length x width x depth. Mice were removed from the therapy study and 

sacrificed if weight loss was > 20% of initial weight, tumor volume exceeded 1.0 
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cm3, or the appearance of skin ulceration on the tumor. To determine the 

hematological toxicity, blood samples were collected at the time of animal 

sacrifice. White Blood Count (WBC), total and differential leukocyte count, Red 

Blood Cell (RBC) count and platelet counts were performed for each tumor 

bearing mouse group and compared with a non-tumor bearing control mouse 

group. Histopathological studies were performed on tumor and kidney tissue 

samples from the PBS, 75 µCi, and 200 µCi treatment groups.  

Statistical Analysis: 

The values for all samples in the different experimental conditions were 

averaged, and the standard error or standard deviation of the mean was 

calculated. All values were expressed as mean ± sd. Differences between means 

were determined using the unpaired Student's t-tests. Kaplan-Meier survival 

curves were generated using Graph Pad Prism software and curve comparison 

was done using Lon-rank (Mantel-Cox) test model.   (*P < 0.05, **P < 0.01, 

***P< 0.001) 
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Results 

Radiolabeling and Pharmacokinetics of 212Pb Labeled Tetrazine 

Conjugates:  

The radiolabeling efficiencies for both 212Pb-DOTA-Tz and 212Pb-TCMC-Tz 

(Fig. 2.1) were found to be ≥95%. Both compounds also exhibited high serum 

stability with >85% of 212Pb-DOTA-Tz and >91% of 212Pb-TCMC-Tz remaining 

intact after 24 hours incubation.  

 The blood clearance of 212Pb-DOTA-Tz and 212Pb-TCMC-Tz was very 

rapid with ~95% of activity cleared out of blood within first 3 hours p.i. (Fig. 2.2A-

B). The t1/2 values for 212Pb-DOTA-Tz and 212Pb-TCMC-Tz were found to be < 60 

minutes. Further, the pharmacokinetic profiles of the two radiolabeled tetrazine 

compounds were evaluated for their tissue uptake and whole body clearance 

(Fig. 2.2C-D). Both 212Pb-DOTA-Tz and 212Pb-TCMC-Tz exhibited rapid tissue 

and whole body clearance with ~77% and ~74% of injected dose cleared through 

urine by 3 hours p.i., respectively. At 24 hours, there was no uptake of 212Pb-

DOTA-Tz in any of major organs except for kidneys (2.3% ID/g), which was the 

primary route of excretion. In contrast, the biodistribution of 212Pb-TCMC-Tz at 24 

hours showed significant uptake in liver (~15.6% ID/g), spleen (3.2% ID/g), lung 

(2.0% ID/g) and kidneys (3.0% ID/g).  
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Figure 2.2: Pharmacokinetics of
 212

Pb-labeled tetrazines (without the pretargeted 

mAb) in mice bearing LS174T human colon carcinoma xenograft. Blood 

Clearance of A) 
212

Pb-DOTA-Tz and B) 
212

Pb-TCMC-Tz. Biodistribution of C) 

212
Pb-DOTA-Tz and D) 

212
Pb-TCMC-Tz in LS174T tumor bearing mice at 30 

minutes (    ), 3 hours (    ), and 24 hours (    ) post injection (n=3).  
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Pretargeted Biodistribution: 

 The biodistribution and tumor-targeting properties of 212Pb-DOTA-Tz and 

212Pb-TCMC-Tz were evaluated in LS174T tumor bearing mice pretargeted with 

CC49-TCO mAb (Table 2.1). 212Pb-DOTA-Tz showed rapid tumor uptake and 

minimum accumulation in other major body tissues. The tumor uptake value for 

212Pb-DOTA-Tz reached 0.94 ± 0.47% ID/g by 3 hours p.i. and then decreased to 

0.66 ± 0.11% ID/g by 24 hours p.i. Clearance from blood (0.1 ± 0.02% ID/g at 3 

hours and 0.04 ± 0.02% ID/g at 24 hours) and other major organs was rapid and 

no non-specific uptake was observed except for the kidneys (2.53 ± 0.23% ID/g 

at 3 hours and 1.33 ± 0.16% ID/g at 24 hours). Given that t1/2 of 212Pb is ~10.6 

hours, almost no tissue activity was measured at 48 hours p.i. In comparison, 

212Pb-TCMC-Tz also displayed rapid tumor accumulation with a higher uptake 

value of 1.64 ± 1.22% ID/g at 3 hours p.i. which dropped to 0.50 ± 0.17% ID/g by 

24 hours p.i. While 212Pb-TCMC-Tz cleared out of blood rapidly (0.12 ± 0.09% 

ID/g at 3 hours and 0.01 ±0.04% ID/g at 24 hours p.i.), a significant uptake in the 

liver was observed. The liver accumulation of 212Pb-TCMC-Tz at 3 hours and 24 

hours was 5.39 ± 1.31% ID/g and 2.49 ± 0.35% ID/g, respectively. The high liver 

uptake of 212Pb-TCMC-Tz in the pretargeting study was consistent with tissue 

distribution of 212Pb-TCMC-Tz alone as described above. 
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Figure 2.3: Schematic of the pretargeting protocol used in this study. Tumor 

bearing mice were first injected with TCO modified mAb. To remove circulating 

antibodies from the blood, two doses of clearing agent were administered at 30 h 

and 48 h post mAb injections. Two hours after the last dose of clearing agent, 

mice were injected with 212Pb-labeled tetrazine probes. 
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Table 2.1: Biodistribution of 
212

Pb-DOTA-Tz and 
212

Pb-TCMC-Tz in LS174T 

tumor bearing nude mice pretargeted with CC49-TCO mAb. 

 

 

212Pb-DOTA-Tz (%ID/g)  
212Pb-TCMC-Tz (%ID/g) 

Tissues 3 Hours 24 Hours 48 Hours  3 Hours 24 Hours 48 Hours 

Tumor  0.94 ± 0.47 0.66 ± 0.11 0.00 ± 0.00 

 

1.64 ± 1.22 0.50 ± 0.17 0.58 ± 0.05 

Blood 0.10 ± 0.02 0.04 ± 0.02 0.00 ± 0.00 

 

0.12 ± 0.09 0.01 ± 0.04 0.12 ± 0.01 

Heart 0.03 ± 0.03 0.00 ± 0.00 0.00 ± 0.00 

 

0.00 ± 0.00 0.00 ± 0.00 0.14 ± 0.22 

Lung 0.20 ± 0.04 0.09 ± 0.06 0.00 ± 0.00 

 

0.41 ± 0.28 0.13 ± 0.23 0.28 ± 0.15 

Liver 0.28 ± 0.03 0.21 ± 0.05 0.17 ± 0.11 

 

5.39 ± 1.31 2.49 ± 0.35 2.53 ± 0.30 

Spleen 0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

 

0.19 ± 0.24 0.05 ± 0.14 0.54 ± 0.11 

Stomach 0.25 ± 0.13 0.08 ± 0.11 0.00 ± 0.00 

 

0.48 ± 0.23 0.06 ± 0.10 0.12 ± 0.05 

Intestines 0.44 ± 0.12 0.12 ± 0.14 0.01 ± 0.01 

 

0.70 ± 0.02 0.08 ± 0.03 0.19 ± 0.15 

Kidneys 2.53 ± 0.23 1.33 ± 0.16 0.47 ± 0.20 

 

4.07 ± 0.93 2.46 ± 0.44 1.79 ± 0.18 

Brain 0.00 ± 0.00  0.00 ± 0.00 0.00 ± 0.00 

 

0.00 ± 0.00 0.00 ± 0.00 0.03 ± 0.01 

Muscle 0.00 ± 0.00  0.00 ± 0.00 0.00 ± 0.00 

 

0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

Bone 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

 

0.00 ± 0.00 0.00 ± 0.00 0.89 ± 0.78 

Skin 0.17 ± 0.17 0.12 ± 0.06 0.00 ± 0.00 

 

0.07 ± 0.05 0.00 ± 0.00 0.16 ± 0.09 
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Dosimetry: 

 The mean organ absorbed doses to tumors, organs, and tissues per unit 

administered activity for 212Pb-DOTA-Tz and 212Pb-TCMC-Tz were calculated 

using the measured biodistribution data in mice bearing LS174T tumors (Table 

2.2).  The absorbed doses to tumor tissue from 212Pb-DOTA-Tz and 212Pb-

TCMC-Tz were found to be 4.83 cGy/μCi and 9.42 cGy/μCi respectively.  Normal 

organ doses for 212Pb-DOTA-Tz were comparatively low except for the kidneys, 

which were calculated to be 12.6 cGy/μCi. The absorbed doses to kidneys and 

liver for 212Pb-TCMC-Tz were 34.4 cGy/μCi and 43.7 cGy/μCi, respectively.  
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Table 2.2: Absorbed radiation doses from 
212

Pb-DOTA-Tz and 
212

Pb-TCMC-Tz in 

mice bearing LS174T colon carcinoma tumors. 

 

 212Pb-DOTA-Tz 212Pb-TCMC-Tz 

Tissue cGy/µCi cGy/µCi 

Tumor 4.83 9.42 

Blood 0.937 2.47 

Heart 0.0867 N/A 

Lung 0.789 3.74 

Liver 2.44 43.7 

Spleen 0.0746 N/A 

Stomach 0.584 1.8 

L. Intestine 1.63 3.55 

S. Intestine 0.884 1.44 

Kidneys 12.6 34.4 

Brain 0.0181 N/A 

Muscle 0.0489 N/A 

Carcass 0.943 2.65 

Bone 0.329 N/A 

Skin 0.991 N/A 
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Pretargeted Therapy: 

 The pretargeted radioimmunotherapy studies were carried out in LS147T 

tumor bearing mice following the protocol depicted in Fig. 2.3. The effects of 

212Pb-DOTA-Tz treatment on tumor growth rate as well as body weight are 

shown in Fig. 2.4. Mouse groups receiving the single dose of 75 µCi and 200 µCi 

of 212Pb-DOTA-Tz exhibited substantial tumor growth inhibition over the study 

period with mean tumor volume of 0.14 ± 0.13 cm3 and 0.06 ± 0.06 cm3 

respectively, on day 20.  By comparison, tumors in the non- treatment control 

groups, which received PBS and CC49-TCO, grew rapidly and had to be 

sacrificed on day 20 due to large tumor volume (mean tumor volume > 0.6 cm3) 

and over-all poor body condition. Mice which received a single 15 µCi dose of 

directly labeled 212Pb-TCMC-CC49 or pretargeted RTX-TCO and 200 µCi of 

212Pb-DOTA-Tz exhibited slower tumor growth rate than that of the non-treated 

control groups but faster than the mice in the PRIT regimen (Fig. 2.4A). Mice that 

received either 200 µCi of 212Pb-DOTA-Tz or 15 µCi of 212Pb-TCMC-CC49 were 

sacrificed on day 20 due to acute radiation toxicity and poor body score.  

 In a second therapy study, a multi-dose therapy regimen (2 doses of 75 

µCi at 7 days interval) was compared with an intermediated dose of 125 µCi. The 

results showed that both treatment groups exhibited substantial inhibition of 

tumor growth over time compared to non-treatment group (Fig. 2.4C). In addition 

to tumor volume, animal weights were also monitored following the administration 

of the dose (Fig. 2.4B, D). Although mice receiving high dose of radiation (125 

µCi and 200 µCi therapy groups) showed a temporary loss in body weight, they 
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recovered and maintained an acceptable level (>80 % original body weight) 

throughout the course of study. 

 Based on the Kaplan-Meier analyses, the median survival of treatment 

groups receiving 75 µCi, 125 µCi and 2 x 75 µCi of pretargeted 212Pb-DOTA-Tz 

were 26, 28 and 31 days, respectively (Fig. 2.5). The median survival of groups 

receiving 200 µCi dose and 15 µCi of directly labeled antibody were same as the 

control groups receiving no treatment at day 20. This was supported by 

hematological studies that clearly showed the negative effects of radiation on 

WBC and platelets counts in the 200 µCi group. Moreover, mice in the 125 µCi 

and 2 x 75 µCi pretargeted treatment groups showed reduced WBC and platelet 

counts, however they were less severe than the 200 µCi dose. At the same time, 

the 75 µCi dose was well tolerated and did not induce any blood toxicity (Fig. 

2.6). Even though the kidneys received the highest organ dose, histopathological 

analysis of the kidneys revealed no acute tissue damage in 200 µCi and 75 µCi 

212Pb-DOTA-Tz pretargeted therapy groups (Fig. 2.7). 
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Figure 2.4: Plots of average tumor volumes (A, C) and average body weights (B, 

D) of each group of mice (n=8) during first 21 days of the PRIT studies. Mice 

bearing LS174T human colon carcinoma tumors were pretargeted with CC49-

TCO mAb or RTX-TCO, two doses of clearing agent and 212Pb-DOTA-Tz. A 

212Pb-TCMC-CC49 direct labeled mAb group was also included. In the first 

pretargeted therapy study, tumor volumes (A) and mouse weights (B) are 

reported for mice administered with PBS ( ), CC49-TCO ( ), CC49-TCO + 75 

µCi 212Pb-DOTA-Tz ( ), CC49-TCO + 200 µCi 212Pb-DOTA-Tz ( ), RTX-TCO 

+ 200 µCi 212Pb-DOTA-Tz ( ) and a direct labeled 212Pb-TCMC-CC49 (15 µCi) 

mAb control ( ). In a second pretargeted therapy study, tumor volumes (C) and 

mouse weights (D) are reported for mice injected with PBS ( ), CC49-TCO + 

125 µCi 212Pb-DOTA-Tz ( ) and CC49-TCO + 2 x 75 µCi 212Pb-DOTA-Tz ( ). 

Radioactive doses were administered (  ) 6 days post tumor inoculation, with an 

additional dose on day 13 for the multi-dose therapy group. 
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Figure 2.5: Kaplan-Meier survival curves. Mice bearing LS174T human colon 

carcinoma tumors were pretargeted with CC49-TCO mAb and treated with 

CC49-TCO ( ), 75 µCi ( ), 125 µCi ( ), 200 µCi ( ), and 2 x 75 µCi ( ) 

of 212Pb-DOTA-Tz. One group of mice was treated with directly labeled 212Pb-

TCMC-CC49 mAb ( ). The PBS vehicle and non-radiolabeled CC49-TCO 

control groups were sacrificed on day 20 (data not shown). Treatment groups 

receiving 75 µCi (P = 0.03), 125 µCi (P = 0.02), and 2 x 75 µCi (P = 0.001) 

showed significant survival over vehicle control and direct labeled mAb 
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Figure 2.6: The effects of radiation-induced toxicity on (A) white blood cell 

counts, and (B) platelet counts. 
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Figure 2.7: Kidney histology sections from (A) Untreated mice (PBS), and 

pretargeted mice treated with (B) 200 µCi and (C) 75 µCi of 
212

Pb-DOTA-Tz.  
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DISCUSSION 

Two Tz based chelating systems, DOTA-Tz and TCMC-Tz (Fig. 2.1), were 

evaluated for their 212Pb radiolabeling efficiency, stability and tissue 

biodistribution. DOTA is one of the most widely used chelators and has been 

used in the clinical setting for number of radiometals.(114) TCMC was 

specifically designed to stably coordinate 212Pb/203Pb under mild conditions 

necessary for labeling antibodies.(41) TCMC has shown favorable radiolabeling 

kinetics and in vivo stability with radiolabeled antibodies and was successfully 

used in a phase 1 clinical trial with trastuzumab.(44,45) Both DOTA-Tz and 

TCMC-Tz were radiolabeled with identical efficiencies and there was no 

significant difference in their serum stabilities. Similarly, both radiolabeled 

complexes exhibited rapid blood clearance with ~95% of the injected dose being 

cleared from the blood within 3 hours of injection (Fig. 2.2A-B). In contrast, the 

tissue distribution of 212Pb-DOTA-Tz and 212Pb-TCMC-Tz showed a marked 

difference in that there was a significant liver uptake of 212Pb-TCMC-Tz at 24 

hours p.i. (Fig. 2.2C-D). This suggested that in addition to the kidneys, a 

significant portion of the 212Pb-TCMC-Tz dose was also excreted via 

hepatobiliary/gastrointestinal tract. This difference in liver uptake of two 

compounds was likely due to differences in charge and hydrophobicity of the two 

complexes. A slight increase in hydrophobicity due to the isothiocyanotobenzyl 

(SCN-Bz) group may have been responsible for the Tz-PEG10-SCN-Bn-212Pb-

(TCMC)2+ liver uptake. The positive charge of 212Pb(TCMC)2+ would likely 
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contribute to increased non-specific kidney retention compared to the negative 

net charge of Pb(DOTA)1- complex.(41)  

 The biodistribution results in mice bearing LS174T color carcinoma 

tumors showed targeted tumor uptake and rapid clearance from the normal 

organs for both 212Pb-DOTA-Tz and 212Pb-TCMC-Tz (Table 2.1). The rapid 

clearance from the blood and normal organs led to moderately high tumor-to-

normal tissue activity at 24 hours. This is particularly important in therapy as it 

allows administering higher radiation dose with minimal normal tissue toxicity. It 

is anticipated that greater tumor uptake and tumor/non-tumor ratios can be 

achieved by administering higher specific activity 212Pb-DOTA-Tz preparations. 

Purification of 212Pb-DOTA-Tz coupled with decreasing the mAb:Tz ratio from 

1:10 to 1:2 as reported by Houston et al. should improve tumor localization and 

therapeutic efficacy.(32) 212Pb-TCMC-Tz was expected to have an equally 

favorable pharmacokinetic profile and in vivo stability in PRIT studies as well due 

to the success of 212Pb-TCMC-trastuzumab in clinical trials. 212Pb-TCMC-Tz 

showed almost double the tumor uptake than that of 212Pb-DOTA-Tz at 3 hours, 

however, tumor uptake was lower at 24 hours than 212Pb-DOTA-Tz. In addition, 

there was also a significantly higher liver and kidney uptake for 212Pb-TCMC-Tz 

at all times points compared to 212Pb-DOTA-Tz. 

 Apart from the tumor, the kidneys received the highest organ dose from 

212Pb-DOTA-Tz (Table 2.2). A moderate dose to the kidneys was expected as 

212Pb-DOTA-Tz clears from the body through kidneys. Moreover, it has been 

reported that approximately 30% of the 212Bi is released from the DOTA chelator 
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during decay from 212Pb to 212Bi.(115) The free 212Bi released from the tumor and 

other organs during this transition may also contribute to the kidney dose values. 

However, the rapid pharmacokinetics of 212Pb-DOTA-Tz yielded reduced 

residence time the kidneys, which minimized the total dose to the kidneys. This 

was further confirmed by the histopathological examination of kidneys, which 

showed no observable acute radiation toxicity in groups receiving 75 µCi and 200 

µCi of 212Pb-DOTA-Tz (Fig. 2.6).  

 Based on radiation dose to tumor, liver and kidneys (Table 2.2), 212Pb-

DOTA-Tz was selected as a choice of chelator system for the pretargeted 

therapy study. The pretargeted radioimmunotherapy studies were carried out 

according to the protocol described in Fig. 2.3 where mice were treated with 

various doses (0, 75, 125, 200 and 2 x 75 µCi) of 212Pb-DOTA-Tz. All the groups 

receiving PRIT displayed dose-dependent reductions in tumor growth rate, while 

the non-treatment control groups showed exponential tumor growth (Fig. 2.4A, 

C). All the treatment groups maintained an acceptable level of body weight 

(>80% of initial body weight) throughout the course of the study (Fig. 2.4B, D). 

Even though the 200 µCi therapy group showed the highest reduction in tumor 

growth rate, all the mice in that group were sacrificed on day 20 due to poor body 

score index and hematological radiation toxicity. This group displayed ~86% 

reduction in the WBC and platelets counts compared to the control group. Similar 

results were also observed in the group which was pretargeted with RTX-TCO 

and received a 200 µCi dose of 212Pb-DOTA-Tz. This indicated severe bone 

marrow toxicity due to the high radiation dose. Treatment groups receiving 125 
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µCi and 2 x 75 µCi doses of 212Pb-DOTA-Tz also displayed a drop in leukocyte 

counts, ~57 % and ~55% respectively, indicating moderate acute blood toxicity. 

In comparison, 75 µCi 212Pb-DOTA-Tz dose was very well tolerated (Fig. 2.6) 

with little radiation associated toxicity.  

 A comparison of the treatment group receiving 75 µCi 212Pb-DOTA-Tz 

dose in PRIT protocol to that of group receiving 15 µCi of directly labeled 212Pb-

TCMC-CC49 in RIT protocol clearly displayed the advantages of the pretargeting 

therapy regimen. Pretargeting allowed at least 5 times higher dose administration 

with better tumor growth rate reduction and lower blood toxicity. The median 

survival of mice in the 75 µCi PRIT group (26 days) was statistically significantly 

higher (P = 0.05) than control groups (20 days) (Fig. 2.5). The mice in the 125 

µCi and 2 x 75 µCi therapy groups achieved better median survival times of 28 

days (P = 0.02) and 31 days (P = 0.001) however they also exhibited transient 

hematological toxicity. Pretargeted α-therapy’s ability to control tumor growth is 

due to the radionuclide’s decay properties, tumor marker heterogeneity and 

tumor size. LS174T is an aggressive tumor model with rapid tumor growth. 

However, the path length of α- particle is very short and is not an ideal match for 

treating large solid tumors. Higher energy β-emitters, such as 90Y (t1/2 ~ 2.7 days) 

or moderate energy emitter 177Lu (t1/2 ~ 6.6 days) are likely to be better suited to 

treat large volume tumors. α-particle radiation therapy is expected to be more 

effective in treating disseminated disease and micrometastatic disease. 
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CONCLUSION 

 In summary, this study successfully establishes the therapeutic potential 

of in vivo pretargeted radioimmunotherapy employing 212Pb-labeled Tz-chelators 

and TCO-modified tumor targeting mAbs. The PRIT protocol allowed 

administration of 5-10 times the dose of the direct labeled RIT approach. Despite 

its complexities, pretargeted α-particle therapy utilizing 212Pb-DOTA-Tz was 

effective in reducing tumor growth rate and reducing normal tissue toxicity, 

resulting in improved survival. These preclinical results underscore the potential 

use of the IEDDA pretargeted α-therapy in the clinic. 
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CHAPTER 3 

 

 

MMP-12 As a Novel Tumor Target for PET/CT Imaging Using 

Phage Display Derived Antibody Fragments and Ultrasmall Silica 

Nanoparticles. 
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Introduction 

Lung cancer remains the deadliest of all cancers for both men and women 

world-wide. The number of people dying of lung cancer is more than breast, 

prostate, and colon cancers combined. Lung cancer accounts for roughly 25% of 

all cancer related deaths in the Unites States. More than half of patients with lung 

cancer die within one year of diagnosis and the 5-year survival rate remains less 

than 20%. One of the main reasons for the high mortality rate associated with 

lung cancer is that by the time the disease is diagnosed, it is already 

metastasized and is at an advanced stage. Around 40% of newly diagnosed 

patients have a stage IV lung cancer.(121) The conventional methods for 

screening lung cancer include chest X-rays, low-dose computed tomography 

(LDCT), MRI scans, and FDG PET/CT scans. These methods are the mainstay 

of lung cancer detection and provide a non-invasive means for tumor detection. 

However, chest X-rays are not sensitive enough to detect lung cancer in early 

stages. While CT and MRI scans are more sensitive and can detect much 

smaller tumors, they have their own limitations. CT and MRI scans simply identify 

a structural abnormality and cannot differentiate between a benign mass and a 

malignant tumor. In almost all cases, further testing such as tissue biopsy is 

required to make the diagnosis. According to a recent large randomized trial, 

almost 96% of patients who tested positive by a CT scan screening exam did not 

result in lung cancer.(181) This significantly high false positive testing results in 

unnecessary, expensive, and more invasive tests. These findings indicate that 
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there is an urgent need to develop new biomarkers and diagnosis methods for 

early detection of lung cancer. 

Matrix metalloproteinase-12 (MMP-12), which is also referred to as 

macrophage elastase or macrophage metalloelastase, was originally identified as 

elastase and is secreted by activated macrophages.(122) As the name suggests, 

MMP-12 mainly cleaves elastin in the extra cellular matrix (ECM), but it also 

degrades other ECM components like type IV collagen, fibronectin, fibrillin-1, 

laminin, entactin, vitronectin, chondroitin sulfate, and heparin sulfate 

proteoglycans.(123-125) It is secreted as a 54 kDa pro-enzyme which is 

subsequently activated by auto-cleavage of its 9 kDa propeptide domain. The 

role of MMP-12 has been clearly established in various lung diseases like 

chronic obstructive pulmonary disease (COPD) and emphysema, especially in 

response to cigarette smoking.(126) MMP-12 expression has also been 

associated with development, progression, and instability of atherosclerotic 

plaques.(127) Because of its role in inflammation, aneurism, and 

atherosclerosis, MMP-12 has been evaluated as a target for in vivo imaging 

using various molecular probes.(128-130) 

Apart from macrophages, MMP-12 is also overexpressed by epithelial 

cells in lung adenocarcinoma and squamous cell carcinomas.(131,132) The 

overexpression of MMP-12 by epithelial tumor cells is correlated with more 

aggressive and invasive disease.(133) MMP-12 overexpression in non-small 

cell lung cancer (NSCLC) is associated with higher relapse rates and reduced 

patient survival.(134,135) MMP-12 up-regulation also promotes an emphysema 
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to lung adenocarcinoma transition.(136) The role of MMP-12 in lung cancer was 

further confirmed when Lv and coworkers showed that knockdown of MMP-12 

inhibits cell proliferation and invasiveness of lung adenocarcinoma.(86). More 

recently, Ella et al. demonstrated that tumor-derived MMP-12 promoted tumor 

proliferation in the lungs. They also showed that MMP-12 secreted by tumor 

epithelial cells, not by activated macrophages, was responsible for cancer 

propagation.(85) All these findings suggest the potential of MMP-12 as a novel 

target for lung cancer diagnosis and treatment.  

Phage display is a robust and proven technique that allows researchers to 

select target-specific antibodies against a variety of clinically relevant antigens 

from large antibody libraries. It involves incubating the antibody library with an 

immobilized target of interest, washing away unbound phages, and eluting the 

target bound phages. This process is repeated for a number of rounds to enrich 

for antibodies with high affinity for a specific target. Single-chain antibody 

fragments (scFvs), which consist of variable heavy (VH) and variable light (VL) 

chain domains linked by flexible linker, are powerful tools in research and clinical 

settings due to their superior pharmacokinetic properties compared to full-length 

mAbs. ScFvs retain the binding specificity of the parent full-length antibody while 

offering rapid blood clearance and better tissue penetration.  

Even though small antibody fragments can achieve high-contrast imaging, 

they often suffer from poor tumor uptake and higher kidney and liver uptakes. 

This is mainly due to their very short in vivo half-lives and rapid whole-body 

clearance. One way to counter this problem is to conjugate scFv fragments to 
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nanoparticles to generate nano-immunoconjugates. Over the years, a diverse 

group of nanoparticles made up of various materials like silica, gold, magnetic or 

colloidal metals, liposomes, carbon nanotubes, and polymeric nanoparticles have 

been investigated for tumor targeting. These nanoparticles can be functionalized 

with various tumor specific ligands such as peptides, chemotherapeutic drugs, 

DNA/RNA aptamers, and small antibody fragments.(137-140) Because of their 

multivalent formats and longer biological half-lives, these nano-

immunoconjugates often display better tumor uptake and tissue penetration 

compared to monovalent scFvs.  

It was hypothesized that due to its role in lung cancer propagation, MMP-

12 may serve as a novel diagnostic marker for lung cancer using in vivo PET 

imaging. In this study, antibody phage display methodology was used to identify 

MMP-12 specific scFv fragments. The antibody fragments would not only serve 

as imaging vectors but could also validate MMP-12 as a biomarker for lung 

adenocarcinoma. In order to identify MMP-12 specific antibody fragments, two 

rounds of scFv phage display selections were carried out against purified MMP-

12 protein. The selected subpopulation of scFv library was further screened in 

vitro for MMP-12 specificity by ELISA, flow-cytometry, and fluorescence 

microscopy using MMP-12 expressing A549 human lung adenocarcinoma cells. 

The selected MMP-12 specific scFv clone with high binding affinity was 

subsequently conjugated with ultrasmall silica Cornell prime dot (or C’ dot) 

nanoparticles using azide-DBCO click-chemistry. The C’ dot-scFv construct was 

radiolabeled with 89Zr and injected in mice bearing A549 human lung 
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adenocarcinoma xenografts. The whole-body in vivo PET/CT images revealed 

that there was a specific and high accumulation of 89Zr-C’dot-scFv nano-

immunoconjugate in the tumor with no kidney uptake at 48 hours post injection. 

Here, we clearly demonstrated the potential of MMP-12 as a novel diagnostic 

marker for lung adenocarcinoma and that MMP-12 specific scFv-nanoparticle 

conjugates could be used for non-invasive in vivo tumor imaging. 
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Materials and Methods 

Phage Display Selection 

Two rounds of solid-phase selections were carried out using the scFv 

library provided by Dr. John McCafferty.(65) For the first round of selection, 100 

ng (100µl) of purified MMP-12 was coated onto the surface of a microtiter plate 

well (Nunc MaxiSorp™ plate) and blocked with 5% (w/v) skim milk powder in 

TBS. An aliquot of the McCafferty library (50 µl, 1012 phages), pre-blocked in 3% 

(w/v) skimmed milk in TBS, was added to the coated well and incubated for 1 

hour at room temperature. Unbound phages were washed away by rinsing the 

well 5 times with 0.1% Tween 20 (TBST) and 5 times with TBS. Bound phages 

were eluted in 100 µg/ml TPCK-treated trypsin for 15 minutes at room 

temperature. A mid-log culture of E.coli TG1 cells (5 ml) was added to the eluted 

phage and incubated for 1 hour at 37°C (250 rpm). Cells were centrifuged at 

3000 x g for 10 minutes, resuspended in 200 µl of 2xTY media containing 

ampicillin and 2% glucose (2xTYAG), plated on 2xTYAG agar plates, and 

incubated at 30°C overnight. The next day, positively infected TG1 cells were 

scrapped from the surface of agar dishes, resuspended in 2xTYAG media, and 

incubated at 37°C in a shaker incubator until the OD600 reached 0.5. Helper 

phage M13KO7 were added at a multiplicity of infection (MOI) of around 10 and 

incubated at 37°C for 1 hour. Cells were centrifuged at 4500 x g for 10 minutes, 

resuspended in 2xTYAK media (2xTY with ampicillin and kanamycin), and 

incubated at 30°C overnight in a shaking incubator (250 rpm). The following day, 

cells were spun down at 27000 x g for 15 minutes. The supernatant, which 
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contained secreted phages, was then used for the second round of the selection. 

To increase the stringency of the selection, the second round was carried out 

with a 10 times lower amount of MMP-12 protein (10 ng) than the first round. At 

the end of the second round, individual phage colonies were picked for screening 

by phage ELISA. 

Primary Screening by Individual Phage ELISA 

Individual colonies picked after the selection were grown in 2xTYAG 

media at 37°C for 5-6 hours in a shaker incubator (120 rpm) in a 96 well plate. 

Once the OD600 reached ~ 0.5, cultures were superinfected with helper phage at 

MOI of 10 and incubated at 37°C for 1 hour. Following incubation, the plate was 

centrifuged at 4500 x g for 10 minutes and supernatant was collected. Three 

Nunc MaxiSorp™ 96-well plates were coated with 10 µg/ml (100 µl) of MMP-12 

protein and blocked with Rockland blocking buffer (Rockland Inc., PA) for 1 hour 

at room temperature. A separate set of three 96-well pates were coated with 

bovine serum albumin (BSA) as a negative control. Supernatants containing 

individual phage-scFvs were added to the MMP-12 and BSA coated plates and 

incubated for 1 hour at room temperature. After washing plates with 0.1% TBST 

for 5 times, an anti-M13-HRP conjugated antibody (1:2000 dilution) was added to 

the wells. This was followed by addition of HRP substrate 2,2’-Azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid) (ABTS) and the absorbance was measured 

at 405 nm using UV-Vis spectrophotometer plate reader. The scFv clones with 

highest signal-to-background ratios (MMP-12 : BSA) were selected for further 

analysis. 
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Sequence Analysis of Positive Clones 

A total of 23 phage clones with highest binding ratios of MMP-12 : BSA in 

the phage ELISA were selected for sequence analysis. These clones in pSANG4 

phagemid were sequenced using forward primer M13 LeadSeq (5’- 

AAATTATTATTCGCAATTCCTTTGGTTGTTCCT) and reverse primer 

NotMycSeq (5'-GGCCCCATTCAGATCCTCTTCTGAGATGAG). The clones were 

analyzed for the presence of full-length VH and VL inserts and their sequence 

similarities using Serial Cloner™ software. After sequence alignment, duplicate 

clones were removed and the remaining unique scFv clones were subcloned into 

the pSANG10-3F PET expression vector for soluble antibody production. The 

scFv genes were also analyzed for identification of complementarity determining 

regions (CDR), framework regions (FWRs), and immunoglobulin families using 

Kabat and Chothia databases.  

Expression and Purification of Selected scFv Fragments 

The selected MMP-12 specific scFv clones with unique sequences were 

amplified by PCR using M13 LeadSeq and NotMycSeq primers. Purified PCR 

products were digested with NcoI and NotI restriction enzymes and subsequently 

ligated into the NcoI/NotI digested pSANG10-3F expression vector.(30) The 

ligated vector was used to transform chemically competent E.coli BL21 (DE3) 

cells by the heat shock method.  

For the expression of scFv fragments, a single colony of transformed 

E.coli cells was picked and grown in 10 ml of 2xTYKG media (2xTY media with 
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kanamycin and 2% glucose) at 37°C overnight in a shaker incubator. The next 

day, 1L of 2xTYKG media was inoculated with the overnight culture and 

incubated at 37°C for 2.5-3 hours until the OD600 reached 0.5-0.7. To induce the 

scFv expression, cells were pelleted at 4500 x g for 20 minutes, resuspended in 

2xTY media (containing kanamycin and 1mM IPTG), and incubated at 30°C 

overnight (250 rpm). After overnight induction, cells were centrifuged at 4500 x g 

for 30 minutes, resuspended in 50 ml of ice-cold buffer 1 (100 mM Tris HCI pH 

8.0, 20% (w/v) sucrose, and 0.5 mM EDTA), and incubated on ice for 30 minutes. 

The supernatant (periplasmic fraction) was collected after spinning down the 

cells at 27000 x g for 30 minutes. To initiate osmotic shock, the pellet was 

resuspended in buffer 2 (5 mM MgCl2, benzonase, and protease inhibitor 

cocktail) and incubated on ice for 20 minutes. Cells were pelleted at 27000 x g 

for 30 minutes and the supernatant (osmotic shock fraction) was collected. At this 

stage, both the periplasmic fraction and the osmotic shock fraction were pooled 

together and passed through a 0.2 µm filter.  

Single-chain scFv fragments were purified by immobilized metal affinity 

chromatography (IMAC). Using a GE AKTA start FPLC system, a sample 

containing scFv was loaded on a 5 ml HisTrap™ HP Ni-column at a 3 ml/minute 

flow rate. Unbound impurities were removed with 10 column volumes of washing 

buffer (20 mM Tris-HCl, 500 mM NaCl, and 40 mM Imidazole; pH 8.0). The scFv 

was eluted by washing the column with elution buffer (20 mM Tris-HCl, 500 mM 

NaCl, and 250 mM Imidazole; pH 8.0). The scFv containing fractions were 
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pooled and the purity of the purified scFv was analyzed by SDS-PAGE and 

immunoblot. 

ScFv-ELISA 

A Nunc MaxiSorp™ plate was coated with 100 µl (10 µg/ml) of MMP-12 

protein overnight and blocked with Rockland blocking buffer for 1 hour at room 

temperature. The purified scFv antibodies (100 ng) were added to the blocked 

wells and incubated for 1 hour at room temperature. The plate was washed 5 

times with 0.1% TBST before incubating with an anti-FLAG-HRP conjugated 

antibody for 1 hour at room temperature. After washing 5 times with 0.1% TBST, 

the binding was detected by addition of ABTS substrate and measuring the 

absorbance at 405 nm using a UV-Visible spectrophotometer plate reader. A 

plate coated with BSA was used as a negative control.  

In Vitro Cell Binding Studies 

The A549 human lung adenocarcinoma cells and MDA-MB-231 human 

breast cancer cells were acquired from American Type Culture Collection. A549 

cells were grown and maintained in F-12K medium supplemented with 10% fetal 

bovine serum, L-glutamine, and gentamycin. MDA-MB-231 cells were grown as a 

monolayer in RPMI 1640 media supplemented with 10% fetal bovine serum, L-

glutamine, and gentamycin. Cell cultures were maintained at 37°C in a 5% CO2 

humidified incubator. For in vitro fluorescent cell binding studies, MMP-12 

specific H12 scFv was conjugated with FITC-NHS dye using manufacturer’s 
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instruction. An Anti-MMP-12 antibody conjugated to Alexa Fluor (ab200409, 

Abcam) was used as a positive control.   

The binding characteristics of the purified H12-scFv to MMP-12 

overexpressing A549 cells were assessed by flow cytometry. Cells (2 x 105 cells/ 

tube) were fixed with 80% methanol for 5 minutes and permeabilized with 0.1% 

TBST for 20 minutes. Cells were then blocked with 5% BSA/TBS for 1 hour at 

room temperature. After washing 3 times with 1% BSA/TBS buffer, cells were 

incubated with FITC-labeled H12-scFv at 4°C for 1 hour in the dark. The binding 

was determined by measuring relative fluorescence intensities of the stained 

cells by CyAn ADP flow cytometer (Beckman Coulter) using the FITC channel. 

MDA-MB-231 cells, which do not express MMP-12, were used as a negative 

control. 

 For the fluorescence confocal microscopy, A549 and MDA-MB-231 cells 

were grown in chamber slides, fixed with 100% methanol (5 minutes), and 

permeabilized with 0.1% Triton X-100 for 5 minutes. The slides were blocked 

with 5% BSA/TBS for 1 hour at room temperature and subsequently washed with 

1% BSA/TBS. This was followed by incubating slides with FITC-labeled H12-

scFv at 4°C overnight. Next day, slides were washed and incubated with 4’-6-

diamidino-2-phenylindole (DAPI) for 15 minutes at room temperature for nuclear 

staining. After additional washes, the samples were mounted under a cover-glass 

and analyzed on a Keyence fluorescent microscope.  
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Microscale Thermophoresis 

 To determine the binding affinity of the H12-scFv towards purified MMP-12 

protein, microscale thermophoresis (MST) technique was used. Here, 200 nM of 

H12-scFv (100 µl) was incubated with 100 nM of NT-647 dye (100 µl) for 30 

minutes. The NTA containing dye binds specifically to the 6xHis-tag on the C-

terminus of the scFv. Following dye incubation, 10 µl aliquots of the labeled H12-

scFv were taken and mixed with varying concentrations of MMP-12 protein (10 

µl) to make a dilution series. The resultant samples were loaded in 

microcapillaries and placed in the MST instrument for binding affinity 

determination.   

Synthesis of C’dot-scFv immunoconjugate 

The DFO-DBCO-PEG-Cy5-C’ dots were synthesized and purified as 

previously described.(141-143) To conjugate scFv fragments to DFO-DBCO-

PEG-Cy5-C’ dots, H12-scFv was first modified with NHS-PEG4-Azide. 2 mg of 

H12-scFv in PBS was incubated with 10 molar excess of NHS-PEG4-Azide (5 

mg/ml in anhydrous DMSO). The pH of the reaction was adjusted to 9.0 using 1M 

carbonate buffer and the reaction was carried out for 1 hour at room temperature 

with agitation. Azide modified H12-scFv was purified using a PD-10 gel filtration 

column to remove unreacted NHS-PEG4-Azide. 

Next, 12.5 nmols of DFO-DBCO-PEG-Cy5-C’ dots were mixed with 5 

molar excess of azide modified H12-scFv fragments and incubated for 24 hours 

at room temperature with continuous mixing. Unconjugated scFv-azide fragments 
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were removed by size-exclusion chromatography using HP Superdex 200 10/300 

GL column. The purified C’ dot-cFv containing fractions were pooled and 

concentrated using amicon-4 concentrator (10,000 Da MWCO) for further 

studies. The number of H12-scFv fragments on a single C’ dot particle was 

determined by measuring the absorbance at 280 nm (scFvs) and 640 nm (C’ 

dots). 

Radiolabeling  

To radiolabel H12-scFv with 67Ga (Lantheus Medical Imaging,MA), 

antibody fragments were first conjugated with the bifunctional chelator NOTA-

SCN. Briefly, 1 mg of purified H12-scFv was incubated with 10 molar access of 

NOTA-SCN overnight at 4°C. The pH of the reaction mixture was adjusted to 9.0 

with carbonate buffer. After the overnight reaction, excess NOTA-SCN was 

removed using a PD-10 column. For radiolabeling, 100 µg of scFv-NOTA was 

mixed with 1.0 mCi of 67GaCl3. The pH was adjusted to 6.0 and the reaction 

mixture was incubated at room temperature for 30 minutes. This was followed by 

addition of 50 µl of EDTA (80 mM) and an additional incubation for 30 minutes at 

room temperature. The labeling yield was measured by instant thin layer 

chromatography (ITLC) using EDTA as a mobile phase. The unconjugated 67Ga 

was removed by PD-10 column purification and radiochemical yield was 

measured by ITLC. 

For 89Zr labeling, 1.0 nmol of DFO-C’ dot-scFv immunoconjugate was 

mixed with 1 mCi of 89Zr-oxalate (University of Wisconsin Cyclotron facility, WI) in 

HEPES buffer (pH 8) and incubated for 1 hour at 37°C. The reaction pH was 
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adjusted at 7.0-7.5. After 1 hour, 50 µl of EDTA (80 mM) was added and 

incubated for an additional 1 hour at 37°C. The labeling yield was measured by 

ITLC using 10 mM diethylenetriaminepentaacetic acid (DTPA) as a mobile phase. 

Free 89Zr-oxalate was removed using a PD-10 column and the radiochemical 

purity was measured by ITLC.  

A549 Lung Adenocarcinoma Xenograft Model 

All animal experiments were carried out in compliance with the Institutional 

Animal Care and Use committee in accordance with U.S. Public Health Service 

Guidelines. Athymic female BALB/C (nu/nu) mice were obtained from Envigo 

(USA) and inoculated with 1 x 107 A549 cells in the right shoulder 

subcutaneously. Tumors were allowed to grow for 3-4 weeks and mice were 

used when tumors were clearly visible, palpable, and measurable.  

In Vivo imaging 

For SPECT imaging, mice bearing A549 human lung adenocarcinoma 

xenografts were injected with 300 µCi of 67Ga-labeled H12-scFv via tail vein, and 

whole-body SPECT/CT images were taken 4 hours post injection. For 89Zr 

PET/CT imaging, mice bearing A549 xenografts were injected with 300 µCi of 

89Zr-DFO-scFv-C’ dots via I.P. injection. Small-animal PET/CT images were 

acquired 4, 24, and 48 hours after the injection under isoflurane anesthesia. 

Images were reconstructed using an ordered-subset expectation maximization 2-

dimentional algorithm. For anatomical data fusion, small-animal CT was 
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performed, and concurrent images were reconstructed with Fanbeam filtered-

backprojection algorithm.   
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Results 

Phage Display Selection 

The McCafferty scFv library, made up of 1.1 x 1010 clones, was used for 

solid-phase affinity selection (panning) to identify MMP-12 specific scFv 

fragments. To increase the stringency of the selection, the second round was 

carried out with a 10 times lower amount of MMP-12 than the first round. At the 

end of each round, the bulk of the output was spread on the agar plate and after 

overnight growth at 37°C, single colonies were picked to calculate the selection 

output and the enrichment ratio. The selection output of round I and II was 3.1 x 

104 and 1.95 x 105 colony forming units (cfus), respectively, with an estimated 

enrichment ratio of about 6.3. It may be possible to achieve higher enrichment by 

performing more rounds of selections, but that would also increase the chances 

of amplifying fast-growing phage clones which may have lost their pIII-scFv 

fusion gene. Due to the use of trypsin-cleavable M13 helper phage in this study, 

only 2 rounds of selection were required instead of the usual 3-4 rounds. The use 

of this engineered helper phage and trypsin treatment greatly reduces the 

population of “bald” phages, which do not display antibodies on their surface. 

Phage ELISA 

Following two rounds of selections, 96 individual phage colonies were 

picked for the phage ELISA screening. The relative binding specificities of 

selected clones were determined by comparing phage-scFv binding to MMP-12 

verses BSA. Out of 96 clones, 23 clones had MMP-12 : BSA binding ratios of ≥ 
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5. These 23 clones with the highest MMP-12 specificities were selected and 

sequenced by Sanger sequencing (Fig. 3.1). The sequence alignment revealed 

that out of 23 selected clones, 8 clones had unique sequences and these 8 scFv 

clones were chosen for further characterization (Table 3.1). 
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Figure 3.1: Phage ELISA: Following two rounds of selection against purified 

MMP-12 protein, the binding specificities of individual phage-scFv clones were 

determined by phage ELISA in a 96 well plate. The individual phage-scFv clones 

were added to 96-well plates coated with MMP-12 or BSA. After washing non-

specific binders, the bound phage-scFvs were detected using an anti-M13-HRP 

conjugated secondary antibody. The 8 phage-scFv clones represented in the 

figure displayed highest specificities towards MMP-12 over BSA. Each bar 

represents average of 3 replicates.  
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      Table 3.1: Sequence analysis of MMP-12 specific antibody fragments 

ScFv clone CDR-H1 CDR-H2 CDR-H3 CDR-L1 CDR-L2 CDR-L3 

       

H12 SYTIS IIPILGIANYAQK GVVEGSGAFDI TRSRGSIASHYVQ LEDDQRP QSYDSSNVV 

C10 SYTIS IIPILGIANYAQK DRFEGAIFDY TRSSGSIASNYVQ FEDNQRP QSYDSSNVV 

E7 SYTIS IIPILGIANYAQK DRPYIYGMDV KSSQNVLDSSNNMNYLG YWASTRE QQYYSPPVT 

G7 SYTIS IIPILGIANYAQK AGYDSSGYSYFDY RSSQSLVYVDGDTYLN YRVSNRD MQGTHWPPT 

A2 SYTIS IIPILGIANYAQK DGGNDFDY TGSSSNIGSTYDVH FGNTNRP QSYDDSLSAFV 

B5 SYTIS IIPILGIANYAQK SQTTVTSGGAFI RSSQSLVHSNGYTYLN YKVSNRD MQGTHWPPT 

H3 SYTIS IIPILGIANYAQK ERTYDNYGMDV TRSSGSIASNYVQ YEDNQRP QSYDSSNQV 

F11 SYTIS IIPILGIANYAQK DGSSWHRYMDV TRSQSISSYLN YEDQNRP QSYDSTTVVT 
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ScFv Expression and Purification 

The McCafferty scFv library used in this study was constructed in the 

pSANG4 phagemid (Fig. 3.2A). Even though it is possible to express soluble 

scFvs from this phagemid, the yield is poor. Thus, to express large quantities of 

soluble scFvs, the antibody genes were subcloned into the pSANG10-3F PET 

expression vector. Here, expression of scFv gene is under the T7 promoter and it 

also fuses the scFv antibody to a C-terminal His-tag and a tri-FLAG tag for easy 

purification and detection. The pSANG10-3F expression vector also has an N-

terminal pelB leader sequence which exports scFvs into the bacterial periplasm 

for disulfide bond formation and proper folding (Fig. 3.2B). Following the 

subcloning of scFv genes into the pSANG10-3F vector, resultant plasmids were 

transformed into the E.coli BL21 (DE3) cells and scFv fragments were expressed 

by IPTG induction.  Osmotic shock was used to extract scFvs out of the 

periplasm, which were then purified using the Ni-affinity chromatography. The 

SDS-PAGE analysis showed a single band at around 30 kDa for each scFv, 

which is the predicted mass of scFv antibodies. The expression of scFvs was 

furthered verified by immunobloting using an anti-FLAG-HRP conjugated 

monoclonal antibody which confirmed the successful expression and purification 

of scFvs (Fig. 3.3).  
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A) 

 

B) 

 

 

Figure 3.2: Expression vectors: Schematic representation of A) pSANG4 

phagemid used for the McCafferty scFv library construction, and B) pSANG10-3F 

vector used to express soluble scFvs in E.coli. (Adopted and modified from 

Schofield et al., (2006)) 
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Figure 3.3: Expression and purification of the H12-scFv: The H12-scFv was 

expressed and purified from E.coli periplasm using a Ni-column. A) 

Chromatographic profile of the purification of H12-scFv using a Ni HiTrap column 

on AKTA Start system. B) Coomassie blue staining of SDA-PAGE gel; Lane 1- 

Molecular weight markers, Lane 2- Loading sample, lane 3 – Flow through, lane 

4 – Washing (40 mM Imidazole), and lane 5 - Elution (250 mM Imidazole) 
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ScFv-ELISA 

In order to confirm the results of the phage scFv ELISA and MMP-12 

specificities of the selected clones, a secondary binding assay was performed 

with soluble scFv antibodies. Each of the 8 selected clones were subjected to 

ELISA with MMP-12 as a target antigen and BSA as a negative control. As 

shown in Fig. 3.4, all 8 scFv clones maintained their MMP-12 binding affinities 

and specificities with minimum binding to BSA. This assay illustrated that purified 

scFvs retained their MMP-12 specificities in their soluble form. 

In Vitro Cell Binding Studies 

A flow cytometry analysis was performed with MMP-12 expressing A549 

human lung adenocarcinoma cells to determine the cell-binding characteristics of 

the selected scFv fragments. The human breast cancer cell line MDA-MB-231 

was used as a negative control. Cells were permeabilized by detergent treatment 

and incubated with FITC-conjugated H12-scFv antibody fragments. A total of 

10,000 cells were counted for each cell line and the relative fluorescence 

intensities were measured by flow cytometry. As shown in Fig. 3.6, the mean 

fluorescence intensity (MFI) of FITC-labeled H12-scFv with A549 cells was 153 ± 

68, while the MFIs for MDA-MB-231 and the unstained A549 cells were 4.0 ± 1.0 

and 3 ± 1, respectively. These observations demonstrated that the selected H12-

scFv could specifically recognize MMP-12 on A549 lung carcinoma cells. 

Commercially available anti-MMP-12 antibody was used as a positive control 

which had the MFI of 55 ± 14 with A549 cells.  
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Figure 3.4: Soluble scFv ELISA: The binding specificities of soluble scFv 

fragments were determined by incubating 100 ng of purified scFv fragments in 

wells coated with either purified MMP-12 or BSA. After the washing step, wells 

were incubated with an anti-FLAG-HRP conjugated secondary antibody and the 

binding was detected by measuring absorbance at 405 nm. Bars represent the 

average of 3 replicates.  
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Figure 3.5: Binding affinity of the H12-scFv to purified MMP-12 protein was 

determined by the microscale thermophoresis (MST). The H12-scFv was 

fluorescently labeled with NTA-dye. Serial dilutions were prepared by keeping the 

concentration of the H12-scFv constant while changing the MMP-12 

concentration.  
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Figure 3.6: Flow cytometry analysis was carried out to assess the binding 

characteristics of the H12-scFv to MMP-12 overexpressing cell line A549. Cells 

(1 x 105) were fixed in 80% methanol and permeabilized with 0.1% TBST for 20 

minutes. After blocking cells with 5% BSA/TBS for 1 hour, cells were incubated 

with FITC-conjugated H12-scFv for 1 hour on the ice. Next, cells were washed 

and binding was determined by counting 10,000 cells in CyAn ADP flow 

cytometer. MDA-MB-231 cells and unstained A549 cells were used as negative 

controls. An Anti-MMP-12 antibody conjugated to Alexa Fluor (ab200409, 

Abcam) was used as a positive control.    

  

A549 + H12-FITC 

A549 + Anti-MMP-12 mAb-Alexa fluor® 

MDA-MB-231 + H12-FITC 

A549 (Unstained) 
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To visualize scFv binding and specificity to A549 cells, fluorescent 

microscopy was carried out using FITC-labeled H12-scFv. Similar to flow 

cytometry, FITC-labeled H12-scFv bound to MMP-12 positive A459 cells (Fig. 

3.7). 

Synthesis of C’dot-scFv Immunoconjugates 

The C’ dot nanopartilces have a silica core with embeded Cy5 dye. Their 

surface is coated with PEG chains to make them more hydophilic. A portion of 

these PEG chains can be modified furhther with different functional groups like 

DFO and DBCO. The DFO-DBCO-PEG-C’ dots were synthesized in a multi-step 

procedure as described previously.(141,142) The C’ dot nanoparticles used in 

these studies had a hydrodynamic diameter (HD) of 5.3 nm. (Fig. 3.8). The DFO-

DBCO-PEG-C’ dots were conjugated with azide-modified scFvs using azide-

DBCO click chemistry.(143) After incubating azide modified H12-scFv with DBCO 

functionalized C’ dots for 24 hours at room temperature, the unconjugated scFvs 

were removed by size exclusion chromatography in 50 mM HEPES buffer. By 

measuring the UV absorbance of C’ dots at 640 nm and of scFvs at 280 nm, it 

was determined that there were an average of 2.4 scFv molecules attached to 

each C’ dot nanoparticle.  
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Figure 3.7: Fluorescence microscopy analysis of cell binding: A549 cells were 

grown and fixed on the microscope slides. Cells were permeabilized with 0.1% 

Triton X-100 and blocked with 5% BSA/TBS. This was followed by incubating 

cells H12-FITC scFv overnight at 4°C. Images were taken the next day using a 

fluorescent microscope. A) An Image with H12-FITC scFv displaying the strong 

binding of the H12-scFv to MMP-12 positive A549 cells. B) An image with a 

commercially available anti-MMP-12 mAb binding to A549 cells as a positive 

control. 

 

 

  

A) B) 

A549 + H12-FITC A549 + α-MMP-12 mAb-Alexa fluor® 
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Figure 3.8: A schematic of the Cornell prime (C’ dot) nanoparticles: The C’ dot 

nanoparticles have a silica core with embedded Cy5 fluorophore. The surface of 

the C’ dot is covered with PEG chains to make C’ dot particles more hydrophilic. 

The C’ dot nanoparticles were further modified with DFO chelators and DBCO 

functional groups. The hydrodynamic diameter of DFO-DBCO-C’ dot nanoparticle 

was ~5.3 nm. 
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In Vivo Imaging 

The imaging capability of the direct labeled 67Ga-H12-scFv was 

investigated in mice bearing A549 lung adenocarcinoma xenografts. Whole-body 

SPECT/CT images were acquired 4 hours following the injection of 67Ga-H12-

scFv. Images revealed a clear tumor uptake of radiolabeled scFvs. Unfortunately, 

it also demonstrated high kidney and liver uptake. The high liver and kidney 

uptake of radiolabeled antibody fragments with C-terminal 6xHis tag is consistent 

with previous studies (Fig. 3.9).(173-175) 

 To Investigate the tumor targeting efficiency of scFv-conjugated 

nanoparticles, the DFO-C’ dot-scFv construct was radiolabeled with 89Zr and 

injected in mice bearing A549 xenografts. PET/CT images were acquired 4, 24, 

and 48 hours after the injection of 89Zr-C’dot-H12-scFv nano-immunoconjugate. 

Images at 4 hours post injection showed that the radiolabeled particles were 

circulating throughout the body and there was no observable tumor uptake, 

however at 24 hours the specific tumor uptake of the particles was evident. There 

was still a significant amount of activity in the heart indicating that the particles 

were still circulating in the body. At 48 hours post injection, high accumulation of 

89Zr-labeled C’ dot-scF nanoparticles in the tumor was observed (Fig. 3.10). 

There was a little uptake in the liver which indicated that a small amount of 89Zr-

C’ dot-H12-scFv nanoparticle was getting cleared out of body via liver. There was 

no non-specific uptake in any other major body organ. Most importantly there 

was no kidney uptake at any time points. This result indicated that the high 

kidney and liver retention observed in 67Ga-H12-scFv SPECT/CT image was 
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likely due to positively charged amino acid on the C-terminal tail of the scFv.(173-

175) 
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Figure 3.9: In vivo SPECT/CT imaging: An A549 tumor bearing mouse was 

injected with 300 µCi of 67Ga-labeled H12-scFv via tail vein injection. The whole 

body SPECT/CT image was acquired 4 hours post injection. An analysis of the 

image revealed that the radiolabeled H12-scFv bound to the tumor, however 

there was also a significant accumulation of H12-scFv in the liver and kidneys.  
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Figure 3.10: In vivo PET/CT imaging: The H12-conjugated C’ dot nanoparticles 

were radiolabeled with 89Zr (300 µCi) and injected in mice bearing A549 

xenografts by I.P. Injection and whole-body PET/CT images were taken 4, 24, 

and 48 hours post injection. There was a significant accumulation of 89Zr-C’ dot-

scFvs in the tumor at 48 hours with no kidney retention and very minimal liver 

uptake. This image clearly demonstrated that the ultrasmall C’ dot-H12 nano-

immunoconjugate exhibited higher tumor uptake and superior pharmacokinetics 

compared to the direct labeled-H12 scFvs. Dotted yellow circle indicates the 

tumor. 
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Discussion 

Lung cancer is by far the leading cancer killer in both men and women, 

accounting for nearly 1.7 million deaths word-wide. One of the main reasons for 

this high mortality rate is the lack of sensitive early diagnosis methods. It is 

critically important to detect lung cancer in its early stages, as the survival rate 

goes down drastically as the disease progresses to advanced stages. Here, we 

describe the development of a targeted imaging agent against MMP-12 for in 

vivo PET/CT imaging in A549 human lung adenocarcinoma tumor model. The 

MMP-12 specific construct would not only be used for initial diagnosis, but could 

also play an important role in treatment planning and post treatment response 

assessment. Various MMP-12 specific probes have been used for imaging 

aneurysms and atherosclerotic plaques, but to date MMP-12 has not been 

investigated as a molecular target for radioimaging in lung cancer. In this study, 

we successfully identified an antibody fragment that specifically targeted MMP-12 

antigen in lung cancer. To the best of our knowledge, this is the first in vivo study 

establishing MMP-12 as a novel target for human lung adenocarcinoma using 

PET/CT imaging in a mouse xenograft model.  

To identify MMP-12 specific antibody fragments (scFvs), phage display 

selections were carried out against MMP-12 protein. Using a standard affinity-

selection method, two rounds of selections were performed, and individual phage 

clones were picked at the end of the second round. A total 96 were selected and 

screened for MMP-12 specificity using BSA as a non-specific control target. Out 

of 96 phage-scFv clones, 23 clones displaying highest binding signals over BSA 
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(MMP-12 : BSA ≥ 5) were selected and sequenced by Sanger sequencing to 

identify duplicate clones. The sequencing analysis revealed that out of 23 clones, 

8 clones had unique CDR sequences. Surprisingly, all 8 unique clones had the 

identical CDR-H1 and CDR-H2 sequences, but they all differed in their CDR-H3 

regions (Table 3.1). No discernable pattern in their light chain CDR sequences 

was observed. This result indicated that the selection was convergent towards a 

common sequence motif and that the library was specifically enriched towards 

MMP-12. The selected phage-scFv clones were subsequently subcloned into 

pSANG10-3F vector for expression and purification of soluble scFvs. ELISA was 

carried out to ascertain that the purified scFvs in soluble form retained their 

MMP-12 specificity. In the phage ELISA binding studies, the scFv is connected to 

a huge phage particle that might bind non-specifically to the target resulting in 

false positives. By repeating the ELISA with soluble scFvs, we can confirm that 

the binding signal observed was due to specific interaction between scFvs and 

the target protein. ELISA performed with soluble scFvs confirmed that all 

selected 8 clones were MMP-12 specific, as the binding signal for MMP-12 was 

at least 5 times higher than that of the negative control BSA (Fig. 3.3).  

  Based on the specificity towards MMP-12 as well as the purification yield, 

scFv clone H12 was selected for further characterization. The microscale 

thermophoresis analysis revealed that H12-scFv bound to purified MMP-12 

protein with the binding affinity (Kd) of 36 ± 12 nM (Fig. 3.5). The H12-scFv was 

further characterized in vitro to determine if it could detect MMP-12 in A549 

human lung adenocarcinoma cells. The A549 cell line was reported to 
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overexpress MMP-12 and was used as a target cancer cell line, while human 

breast cancer cell line MDA-MB-231 was used as a negative cell line since it 

does not express MMP-12. Also, MDA-MB-231 cells overexpress membrane 

bound MMP-14 (MT-1 MMP). Therefore, not only does MDA-MB-231 serve as a 

negative control for MMP-12 expression, but it also helps to determine if H12-

scFv can discriminate between MMP-12 and MMP-14. The flow cytometry 

analysis showed that H12-scFv bound specifically to MMP-12 expressing A549 

cells and did not bind to MDA-MB-231 cells (Fig. 3.6). Surprisingly H12-scFv 

showed a much higher binding signal to A549 cells than the commercially 

available anti-MMP-12 antibody. The specific biding of H12-scFv to A549 cell 

was furthered confirmed by fluorescent microscopy. Again, the H12-scFv did not 

bind to the MDA-MB-231 cells, which affirmed that H12-scFv could recognize 

MMP-12 in cell binding assays and also distinguish between MMP-12 and MMP-

14 (Fig. 3.7). The specificity of H12-scFv towards MMP-12 and its nanomolar 

affinity were sufficient to further investigate its usefulness as an in vivo 

radioimaging agent. 

 Radiolabeling of H12-scFv for in vivo imaging was accomplished by 

conjugating scFvs with bifunctional chelator p-SCN-Bn-NOTA and subsequently 

labeling with 67Ga. The 67Ga-H12-scFv was injected in A549 tumor bearing mice. 

The in vivo SPECT/CT images showed that there was a moderate tumor uptake 

for the 67Ga-labeled H12scFv at 4 hours post injection. Unfortunately, there was 

also a significant non-tumor uptake of H12-scFv in the liver and kidneys (Fig. 

3.9). Because of their smaller size and rapid body clearance via kidneys, scFvs 
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usually have a higher kidney uptake compared to the full length antibodies. This 

problem was compounded by the fact that scFvs expressed using pSANG10 

vector has a C-terminal 6xHis-tag. At a physiological pH, these histidine residues 

are positively charged and bind to negatively charged proximal tubule cells of the 

kidneys resulting in high kidney uptake. The presence of 6 histidine residues as 

well as lysine residues in the tri-FLAG tag also lead to higher liver uptake as 

observed in the in vivo SPECT image with 67Ga-H12-scFv.(173-175) There are 

various ways to reduce the liver and kidney uptakes of vectors with histidine tags. 

It has been shown that modifying the HHHHHH tag to the HEHEHE tag leads to 

considerable less uptake in kidney and liver.(175,176) So does the administration 

of positively charged amino acids like lysine or arginine just before the injection 

of radiolabeled vector with 6xHis-tag.(179,180) In this study, we conjugated 

scFvs to the ultrasmall silica nanoparticles which resulted in no kidney uptake 

and significantly lower liver retention. 

 Cornell prime (C’ dot) ultrasmall nanoparticles were designed with a Cy5 

fluorophore embedded silica core. These particles have a hydrodynamic 

diameter in the rage of 5-7 nm. The silica core particles are coated with PEG 

chains to make them more hydrophilic which in turn reduce non-specific uptake 

in liver, spleen, and other body organs. Because of their small size and 

hydrophilic properties, the C’ dot nanoparticles excrete through the body via 

kidneys with no kidney retention.(141-143) These C’ dot nanoparticles have been 

functionalized with various tumor targeting peptides for successful in vivo tumor 

imaging with superior tumor targeting and high tumor-to-background ratios. (144-
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146) Because of their non-toxic nature, favorable biodistribution profile, and 

higher tumor targeting, the C’ dot nanoparticles are approved by the FDA for 

clinical trials and have been used successfully for in vivo PET imaging in patients 

with metastatic melanoma.(147) 

 The C’ dot nanoparticles used in this study were synthesized and provided 

by the Michelle Bradbury and Ulrich Wiesner groups.(143) These nanoparticles 

were functionalized with DBCO and DFO groups and had hydrodynamic 

diameter of 5.3 nm (Fig. 3.8). Using azide-DBCO click-chemistry, H12-scFv was 

conjugated to the C’ dot particles with approximately 2.4 scFvs per particle. The 

scFv-conjugated C’ dots were radiolabeled with 89Zr and injected in mice bearing 

A549 xenografts. The in vivo PET/CT imaging demonstrated a high tumor 

specific uptake for 89Zr-C’ dot-H12-scFv nano-immunoconjugates at 48 hours 

post injection (Fig. 3.10). Unlike the direct labeled 67Ga-scFv construct, there 

was no kidney uptake and a very little to moderate liver uptake. This clearly 

demonstrated that the ultrasmall silica nanoparticles functionalized with single-

chain antibody fragments could be used successfully as an in vivo imaging agent 

with superior tumor targeting and efficient renal clearance. Also, this study 

established MMP-12 as a novel target for lung adenocarcinoma diagnosis with 

the potential be explored as a therapeutic target. 
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Conclusion 

 

 In summary, this project was aimed at discovering MMP-12 specific 

antibody fragments for in vivo radioimaging. The growing evidence suggests that 

MMP-12 is involved in lung adenocarcinoma tumor growth and metastasis.  

Given the lack of a MMP-12 specific tumor targeting probes, we decided to 

investigate if MMP-12 has the potential as a novel biomarker for lung cancer 

diagnosis. Using the McCafferty scFv library, MMP-12 specific antibody 

fragments were selected and characterized in vitro. The in vivo SPECT/CT 

imaging using direct labeled 67Ga-scFv demonstrated moderate tumor uptake. 

Even though this construct showed promise, it had a limited feasibility as 

potential imaging agent due to very high kidney and liver uptake. In sharp 

contrast, PET/CT imaging with 89Zr-labeled C’ dot-scFv construct displayed a 

very high MMP-12 specific tumor uptake and no kidney retention in the A549 

xenograft model. Additionally, there was no non-specific binding of the probe in 

any other major organ except for a little uptake in the liver. The C’ dot-scFv nano-

immnunoconjugates provided a better imaging tool due to their higher tumor 

retention and better pharmacokinetic profile than the direct labeled antibody 

fragments. These observations clearly demonstrated that MMP-12 is an 

attractive new target for lung adenocarcinoma diagnosis as well as therapy.  
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Future Studies 

 

 Since the in vivo PET/CT imaging with 89Zr-labeled C’ dot-scFv nano-

immunoconjugates yielded positive results, the next step would be to study the 

biodistribution profile of this construct to quantify the uptake in the tumor and 

normal organs and tissues. For this experiment, mice bearing A549 xenografts 

will be injected with 5 µCi of 89Zr-C’ dot-scFv probe. Mice will be sacrificed at 

various time points (4, 24, 48, and 72 hours) and individual organs will be 

collected to measure radioactivity. The biodistribution data will establish the 

pharmacokinetics of the C’ dot-scFv conjugates and will also be used to calculate 

dosimetry.  Also, the specificity of 89Zr-labeled C’ dot-scFv probe can be further 

confirmed by carrying out a blocking PET imaging study where 89Zr-labeled C’ 

dot-scFv is co-injected in mice in the presence of excess MMP-12 specific scFv 

fragments (100 fold excess). Because of their high molar concentration, the non-

radioactive scFvs should block the access of 89Zr-labeled nanoparticles to the 

tumor resulting in significant reduction in tumor uptake. In addition, MMP-12 

specific C’ dot-scFv nanoparticles can be radiolabeled with therapeutic 

radionuclides such as 177Lu to explore the possibility of radioimmunotherapy in a 

lung cancer model. 
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CHAPTER 4 

 

Phage Display Selection of Single-Chain Antibody Fragments 

Against Thomsen-Friedenreich Antigen (TF-Antigen) 
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Introduction 

Thomsen-Friedenreich (TF) antigen is a disaccharide, galactose β1-3 N-

acetylgalactosamine alpha, which is also referred to as core-1 structure.(148) It is 

an O-linked mucin associated type glycan. In normal cells, the TF epitope is 

masked either by sialic acid or by other carbohydrate moieties. However,  in 

cancer cells, the TF antigen is exposed on the surface due to aberrant 

glycosylation.(149) The presence of TF has been detected on the surface of ~ 

90% of all carcinomas and thus TF is also known as a ‘pancarcinoma antigen’. 

The expression of TF antigen has been shown in various types of cancers 

including breast, colon, liver, prostate, and ovary.(150) There may be numerous 

reasons for this increased exposure of TF antigen on the surface of tumor cells 

such as over expression of TF antigen, reduced level of enzymes that further 

glycosylate the core-1 structure, or increased synthesis of neuraminidase or 

other glycosidase enzymes that would strip more complex carbohydrates 

revealing this simple disaccharide.(151) TF expression on tumor cells is 

correlated with poor prognosis and tumor propagation. TF antigen is also 

involved in cell to cell adhesion and metastasis.(152,153) TF antigen is a major 

ligand for cell surface adhesion molecules like galactin-3. TF-expressing 

malignant cells bind to the endothelium through TF and galactin-3 interactions, 

which support tumor cell metastasis.(154) The phage display derived peptide 

(P30), discovered by the Quinn group, selectively bound to the TF antigen and 

was able to block TF mediated cell to cell adhesion of breast cancer 

cells.(155,156) On a related line, the Deutscher group demonstrated that 
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galactin-3 specific peptides inhibited metastasis associated cancer cell adhesion 

by blocking the TF and galactine-3 interaction.(157) A second generation TF 

specific peptide (P30-1) was used successfully for in vivo PET/CT imaging in a 

tumor mouse model.(158) Taken together, these studies suggest that TF antigen 

is a promising target for tumor imaging and therapeutic probe development.  

 Over the years, numerous attempts have been made to discover 

TF specific antibodies.(159-161) However, most of these antibodies are of the 

IgM class. Due to their large molecular weight and poor in vivo pharmacokinetic 

properties, the IgM class of antibodies are not suitable for in vivo 

applications.(162) The group of Kate Rittenhouse-Olson identified a mouse 

monoclonal IgG3 antibody JAA-F11, which specifically bound to the tumor 

associated TF antigen alpha linkage.(163) This antibody has been shown to 

inhibit cancer cell growth, decrease metastasis, and improve survival in tumor 

breast cancer models.(164,165). Antibody fragments in either monovalent or 

multivalent forms have also been isolated for development of TF targeting 

molecular probes.(166-168) So far, there have been no reports of utilizing single-

chain antibody fragments for in vivo imaging targeting TF antigen.  

The aim of this project was to identify TF antigen specific scFv fragments 

for development of in vivo tumor imaging agents. To accomplish this goal, two 

rounds of phage display selection were carried out using the McCafferty scFv 

antibody library. A total of 96 clones were screened for their TF binding 

specificity. One selected TF scFv specific scFv clone was further characterized in 

vitro for its ability to recognize TF antigen on the MDA-MB-231 human breast 
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cancer cell line. The TF-specific 9C-scFv was expressed with C-terminal 6xHis-

tag which allowed them to be radiolabeled directly with [99mTc(CO)3]
+. 99mTc is 

one of the most commonly used radioisotopes for molecular imaging due to its 

favorable half-life (t1/2 = 6h), low cost, and availability. Antibody fragments 

radiolabeled with 99mTc by the 6xHis-tag sequence would yield scFvs with 

defined radionuclide coordination that would not interfere with the antigen 

recognition. The radiolabeled 99mTc-scFv was evaluated for in vitro cell binding 

using TF displaying human breast cancer cell line MDA-MB-231. The 99mTc-

labeled scFv was investigated in vivo for its tumor binding ability by SPECT/CT 

imaging. 
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Materials and Methods 

Phage Display Selection 

 Phage display selection was carried out using the McCafferty scFv library 

as described in Chapter 3. Briefly, 2 rounds of selections were performed using a 

standard affinity-selection method. For the first round, 10 ng of asialoglycophorin 

was adsorbed on the well of Nunc Maxisorb™ 96-well plate. For the second 

round, 10 ng of TF-conjugated human serum albumin (TF-HSA) was used. At the 

end of the second round, 96 individual colonies were picked for the phage ELISA 

screening.  

Primary Screening by Individual Phage ELISA 

 Phage ELISA was carried out to identify the phage-scFv clones with high 

binding specificity towards the TF epitope. Two Nunc Maxisorb™ 96-well plates 

were coated with 10 µg/ml (100 µl) of asialoglycophorin and asialofetuin. Both of 

these proteins display TF antigen on their surface and serve as target plates. 

While two additional plates coated with glycophorin and fetuin were used as 

negative control as these proteins do not display TF. Plates were blocked with 

Rockland blocking buffer (Rockland Inc., PA) and incubated with individual 

phage-scFv clones. After 1 hour incubation at room temperature, plates were 

washed 5 times with 0.1 % TBST and an anti-M13-HRP conjugated antibody 

(1:2000 dilution) was added to wells. To detect binding, 100 µl of 2,2’-Azino-

bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) was added and the 

absorbance was measured at 405 nm using UV-Vis spectrophotometer plate 
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reader. Clones which displayed highest signal-to-noise ratios were picked for 

further analysis.  

Sequence Analysis of Positive Clones 

A total of 5 phage clones with the highest binding ratios of 

asialoglycophorin-to-glycophorin and asialofetuin-to-fetuin in phage ELISA were 

selected for sequence analysis. These clones in the pSANG4 phagemid were 

sequenced using the forward primer M13 LeadSeq (5’- 

AAATTATTATTCGCAATTCCTTTGGTTGTTCCT) and the reverse primer 

NotMycSeq (5'-GGCCCCATTCAGATCCTCTTCTGAGATGAG). These clones 

were analyzed for the presence of full-length scFv gene inserts and their 

sequence similarities using Serial Cloner™ software. Clones missing either 

heavy chain or light chain domains were removed. The clone which had the 

highest signal:noise ratio in ELISA and had intact VH and VL domains was 

selected for large scale expression.   

Expression and Purification of The Selected scFv Fragment 

 The selected scFv gene was subcloned into the pSANG10-3F expression 

vector using NcoI/NotI restriction enzymes as described in Chapter 3. The ligated 

plasmid was transformed into the chemically competent E.coli BL21 (DE3) cells 

for expression. A single colony of the scFv clone was grown in 30 ml of 2xTYKG 

media (2xTY media with kanamycin and 2% glucose) at 37°C overnight (250 

rpm). The next day, 3L of 2xTYKG media was inoculated with the 30-ml of 

overnight culture and incubated at 37°C for 2.5-3.0 hours until the OD600 reached 
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0.5-0.7. To induce the scFv expression, cells were pelleted at 4500 x g for 20 

minutes, resuspended in 2xTY media (containing kanamycin and 1mM IPTG), 

and incubated at 37°C for 4 hours with shaking. The cell pellet was obtained by 

spinning down the culture at 4500 x g for 25 minutes. The pellet was 

resuspended in lysis buffer containing 20 mM Tris-HCL (pH 8.0), 500 mM NaCl, 

benzonase, and protease inhibitor cocktail. Cells were lysed by sonication and 

cell debris was pelleted at 27000 x g for 30 minutes. The supernatant was 

collected and filtered through 0.22 µm filter.  

 For the purification of the scFv, filtered supernatant was loaded 

onto a 5-ml HisTrap™ HP Ni-column. The column was washed with 10 column 

volumes of washing buffer (20 mM Tris-HCl, 500 mM NaCl, and 40 mM 

Imidazole; pH 8.0). The bound scFv was eluted with elution buffer (20 mM Tris-

HCl, 500 mM NaCl, and 250 mM Imidazole; pH 8.0). ScFv containing fractions 

were pooled and the purity of the scFv was analyzed by SDS-PAGE and 

immunoblot. 

ScFv-ELISA 

To determine the binding of purified scFv, wells of nunc MaxiSorp™ plates 

were coated with 100 µl (10 µg/ml) of asialoglycophorin and asialofetuin 

overnight. Wells coated with glycophorin, fetuin, and BSA were used as negative 

controls. Next day, plates were blocked with Rockland blocking buffer for 1 hour 

at room temperature. The purified scFv fragment (100 ng) was added to blocked 

wells and incubated for 1 hour at room temperature. Plates were washed 5 times 
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with 0.1% TBST before incubating with an anti-FLAG-HRP conjugated antibody 

for 1 hour at room temperature. After washing 5 times with 0.1% TBST, the 

binding was detected by addition of ABTS substrate and measuring the 

absorbance at 405 nm using a UV-Visible plate reader. 

In Vitro Cell Binding Studies 

The binding characteristics of the purified 9C-scFv to the TF epitope was 

determined by flow cytometry using MDA-MB-231 human breast cancer cell line. 

MDA-MB-231 cells over expresses TF on their surface, while TF negative mouse 

melanoma cell line B10F16 was used as a negative control cell line. Cells (2 x 

105 cells/ tube) were fixed with 4% paraformaldehyde for 10 minutes, followed by 

blocking with 5% BSA/TBS for 1 hour at room temperature. After washing 3 times 

with 1% BSA/TBS solution, cells were incubated with purified 9C-scFv at 4°C for 

1 hour in the dark. After washing 3 times with 1% BSA/TBS, cells were incubated 

with an anti-FLAG-FITC secondary antibody. The binding was determined by 

measuring relative fluorescence intensity of stained cells by CyAn ADP flow 

cytometer (Beckman Coulter) using the FITC channel.  

Microscale Thermophoresis 

 To determine the binding affinity of selected 9C-scFv towards the TF 

epitope, microscale thermophoresis technique was used. The binding affinities of 

the scFv were calculated against TF expressing proteins asialoglycophorin and 

asialofetuin as described in Chapter 3.  
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Radiolabeling  

 The selected 9C-scFv was radiolabeled directly with 99mTc using the 

6xHis-tag on the C-terminus. Briefly, 5 mCi of 99mTcO4
- generator eluent was 

added directly into an IsoLink kit. The mixture was heated for 100ºC for 20 

minutes. The resultant [99mTc(CO)3]
+ was mixed with 100 µg of purified 9C-scFv 

in PBS. The pH was adjusted to 7.4 and labeling reaction was carried out at 37ºC 

for 90 minutes. The labeling yield was calculated by ITLC using 200 mM EDTA 

as a mobile phase. The 99mTc-labeled 9C-scFv was purified using a PD-10 gel-

filteration column and the radiochemical yield was measured by ITLC.  

 To evaluate the stability of 99mTc-labeled 9C-scFv, a histidine challenge 

was performed. The 99mTc-labeled 9C-scFv was incubated with 5000 molar 

excess of histidine for 1h, 2h, and 4 hours. After the incubation, stability was 

determined by ITLS as described above.  

Cell Binding Analysis 

 99mTc-labeled 9C-scFv (100µL) was diluted to 100,000 counts per minute 

(CPM) aliquots and added to MDA-MB-231 cells or TF-negative B16F10 cells. 

After 1 hour of incubation, cells were washed three times with ice-cold 1% 

BSA/PBS buffer. Cells were centrifuged at 14000 x g for 5 minutes and 

supernatant was discarded. The pellet was collected and used for determining 

the binding by counting the radioactivity in a gamma counter.  
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A549 Lung Adenocarcinoma Xenograft Model 

All animal experiments were carried out in compliance with the Institutional 

Animal Care and Use committee in accordance with U.S. Public Health Service 

Guidelines. Athymic female BALB/C (nu/nu) mice were obtained from Envigo 

(USA) and inoculated with 1 x 107 MDA-MB-231 cells in right shoulder 

subcutaneously. Tumors were allowed to grow for 3-4 weeks and mice were 

used when tumors were clearly visible, palpable, and measurable.  

In Vivo Imaging 

For SPECT imaging, mice bearing MDA-MB-231 xenograft were injected 

with 300 µCi of 99mTc-labeled 9C-scFv via tail vein. Whole-body SPECT/CT 

images were taken 4 hours post injection. For anatomical data fusion, small-

animal CT was performed, and concurrent images were reconstructed with 

Fanbeam filtered-backprojection algorithm.  
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Results 

Phage Display Selection 

 To isolate TF specific antibodies, two rounds of affinity selections were 

carried out using the McCafferty scFv library (diversity of 1.1 x 1010). To increase 

the stringency of the selection process and to avoid selecting antibodies against 

carrier proteins, each round of selection was performed using a different TF 

displaying carrier protein. The selection output of first round against 

asialoglycophorin was 2.9 x 104 cfu, while the output of second round against TF-

HSA was 1.3 x 105 cfu with the enrichment of 4.48 times between two rounds. 

Since the helper phage with trypsin cleavable pIII protein was used for 

superinfection, only two rounds of selections were necessary.  

Phage ELISA 

 Phage ELISA was carried out with 96-colonies picked at the end of the 

second round of selection. The binding specificity against the TF antigen was 

determined by measuring binding signal for asialogycophorin over glycophorin 

and asialofetuin over fetuin. There were 5 clones which had signal-to-noise ratio 

of ≥ 3. (Fig. 4.1) These 5 clones were selected and sequenced by Sanger 

sequencing. The sequence analysis revealed that out of 5 clones, only one clone 

(9C) had the full scFv sequence with both heavy and light chain domains intact. 

The clone 9C was selected for large scale expression and downstream 

characterization.  
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Figure 4.1: Phage ELISA: At the end of the second round, 96 random phage 

clones were selected and screened for TF binding specificity. Individual phage-

scFv clones were incubated with asialoglycophorin and asialofetuin coated 96-

well plates and binding was detected using an anti-M13-HRP conjugated 

secondary antibody. Glycophorin and fetuin coated plates were used as negative 

control. 
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ScFv Expression and Purification 

 The 9C-scFv gene was subcloned into the pSANG10-3F expression 

vector. Expression of 9C-scFv was induced by IPTG induction and purified by 

affinity chromatography using Ni-column as described in Chapter 3. The 

expression and purity of the 9C-scFv was verified by SDS-PAGE and 

immunoblot analysis (Fig. 4.2).  

ScFv-ELISA 

In order to confirm binding specificity of the purified 9C-scFv towards the 

TF epitope, a secondary binding assay was performed with soluble 9C-scFv. The 

ELISA demonstrated that 9C-scFv retained its binding affinity towards TF 

displaying proteins asialoglycophorin and asialofetuin with minimal binding to TF 

negative glycophorin, fetuin, and BSA (Fig. 4.3). This assay proved that purified 

9c-scFv in soluble form bound to the TF epitope and not to the carrier proteins.  
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Figure 4.2: Expression and purification of 9C-scFv. The scFv was expressed 

by IPTG induction in E.coli BL21 cells and purified using a Ni-column. The 

purity of the eluted 9C-scFv was detected by A) SDS-PAGE gel, and B) 

Immunoblot analysis using anti-FLAG-HRP conjugated secondary antibody. 

Lane 1- Molecular weight markers, lane 2, 3, and 4- Eluted fractions 

containing purified 9C-scFv, lane 5- Loading sample, lane 6- Flow through.  
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Figure 4.3: Soluble scFv ELISA. The binding specificity of purified 9C-scFvs was 

determined by incubating 100 ng of purified 9C-scFv fragments in wells coated 

with asialoglycophorin and asialofetuin. After the washing step, the wells were 

incubated with an anti-FLAG-HRP conjugated secondary antibody and the 

binding was detected by measuring absorbance at 405 nm. Bars represent the 

average of 3 replicates. Glycophorin, fetuin, and BSA were used as negative 

controls.  
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Figure 4.4: Binding affinity of the TF-specific 9C-scFv clone was determined for 

A) Asialogyclophorin and B) Asialofetuin by microscale thermophoresis. 
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Cell Binding Analysis 

 Cell binding analysis was carried out by flow cytometry using MDA-MB-

231 and B16F10 cells. As shown in Fig. 4.5, 9C-scFv bound to TF expressing 

MDA-MB-231 cells with higher specificity (MFI of 16 ± 4) while the signal with TF 

negative cell line B16F10 was negligible (MFI of 2 ± 3). Peanut agglutinin (PNA) 

was used as a positive control for TF binding (MFI of 21 ± 6). The binding signal 

for selected 9C-scFv against MDA-MB-231 cells was very similar to PNA while 

the signal against B16F10 was similar to unstained negative control. These 

results confirmed that the 9C-scFv specifically bound to the TF epitope on the 

human breast cancer cell line.  

Radiolabeling and Cell Binding Analysis 

 The TF specific 9C-scFv was radiolabeled with 99mTc using the IsoLink kit 

as previously described. A radiolabeling yield of 93% was achieved, while the 

radiochemical purity was found to be >99%. The 99mTc-labeled 9C-scFv 

remained stable with 99% of the radiolabeled conjugate remaining intact after 4 

hours at 37ºC in human serum. The radiolabeled 9C-scFv was also remarkably 

stable during histidine challenge as 98% of 99mTc-labeled 9C-scFv remained 

intact (Table 4.1).  

 In order to confirm the specificity of 99mTc-labeled 9C-scFv towards TF 

epitope, an in vitro cell binding assay was performed. As shown in Fig. 4.6, the 

99mTc-labeled 9C-scFv demonstrated higher binding signal (7247 ± 152 CPM) to 

MDA-MB-231 cells, while the signal for TF-negative B16F10 cells was much 
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lower (856 ± 51 CPM). These cell binding assays demonstrated the specificity of 

99mTc-labeled 9C-scFv towards the TF antigen.  
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Figure 4.5: Flow cytometry analysis of 9C-scFv. The TF specific 9C-scFv was 

incubated with MDA-MB-231 (   ) or B16F10 cells (   ). Following 1 hour 

incubation on ice, cells were washed and incubated for additional 1 hour with an 

anti-FLAG-FITC conjugated secondary antibody. Binding was determined by 

counting 10,000 cells in a CyAn ADP flow cytometer. Peanut agglutinin (    ) and 

unstained MDA-MB-231 cells (    ) were used as negative control. 

 

 

 

 



 

115 
 

Table 4.1: Stability of 99mTc-labeled 9C-scFv 

Stability at 37ºC 
Human Serum (%) 

 

5000 fold Histidine 
solution (%) 

 

1 Hour 99.8 98.1 

2 Hours 99.3 97.6 

4 Hours 99.1 97.9 
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Figure 4.6: In vitro cell binding assay. The MDA-MB-231 human breast cancer 

and B16F10 mouse melanoma cells were incubated with 100,000 counts (cpm) 

of 99mTc-9C labeled scFv for 1 hour. Following washing, bound scFv was 

detected by gamma counter. Bars represent the mean of 3 replicates with 

standard deviation. 
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In vivo SPECT Imaging 

 The binding capability of the 99mTc-labeled 9C-scFv was explored in mice 

bearing MDA-MB-231 tumors. Full-body SPECT/CT images were acquired 4 

hours after the i.v. injection of 99mTc-scFv via tail vein. The image revealed a 

moderate tumor uptake and significant accumulation in the liver and kidneys 

(Fig. 4.7).  
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Figure 4.7: In vivo SPECT/CT imaging. A MDA-MB-231 tumor bearing mouse 

was injected with 300 µCi of 99mTc-9C-scFv via tail vein injection. The SPECT/CT 

image was acquired 4 hours post injection.  
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Discussion 

 In this project, we described the selection and isolation of Thomsen-

Friedenreich (TF) specific scFv antibodies by phage display methodology. Two 

rounds of phage display selections were carried out using the McCafferty 

antibody library. In order to enrich the library towards the TF epitope, and not 

protein backbone, the library was exposed to two different TF presenting proteins 

during the selection process. Asialoglycophorin, which has 6 TF epitopes on its 

surface, was chosen for the first round as it displays TF in its natural 

conformation. The second round was carried out using TF-HSA, in which 20 TF 

molecules were chemically conjugated to human serum albumin. A total of 96 

clones were randomly picked for the initial screening to identify TF-specific scFvs 

by phage ELISA. From these 96 clones, 5 clones were identified that displayed 

higher binding towards TF presenting targets (asialoglycophorin and asialofetuin) 

over their non-TF presenting counterparts (glycophorin and fetuin). Because 

asialofetuin, which has 3 TF epitopes, was not used during the selection process, 

the higher signal-to-background ratios for asialofetuin over fetuin indicated that 

the selected antibodies were indeed recognizing the TF antigen and not binding 

to protein backbone. The Sanger sequence analysis of these 5 clones revealed 

that only one clone (9C) had an intact scFv gene with both VH and VL domains 

present. The 9C-scFv clone was selected for large scale protein expression and 

further characterization.  

 The TF-specific 9C-scFv was expressed in E.coli and purified using a Ni-

column. The binding specificity of the purified 9C-scFv was confirmed by ELISA 
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using asialoglycophorin and asialofetuin as targets. The signal-to-background 

ratios of > 2 confirmed that 9C-scFv specifically recognized the TF epitope. The 

lower than expected signal-to-noise ratios in ELISA was likely due to monovalent 

scFv binding and the fact that TF is a very small epitope and there are only a few 

TF disaccharide molecules on the carrier protein molecule (6 per 

asialoglycophorin and 3 per asialofetuin molecule). The binding constant of 9C-

scFv was measured by microscale thermophoresis analysis. The 9C-scFv bound 

to the asialogycophorin with the binding affinity (Kd) of 570 ± 40 nM, while the Kd 

for asialofetuin was found to be 860 ± 70 nM (Fig. 4.4). These values are 

consistent with previously published binding affinities for antibodies/peptides 

against carbohydrate antigens.(155,163,166) In vitro cell binding analysis by flow 

cytometry asserted that 9C-scFv recognized the TF antigen on the human breast 

cancer cell line MDA-MB-231, while it displayed minimal binding to the TF-

negative B16F10 cells (Fig. 4.5) 

 The 9C-scFv was radiolabeled with 99mTc by directly conjugating 99mTc to 

the C-terminal 6xHis-tag. Previously published reports suggested that every 

other histidine molecule in 6xHis-tag is involved in coordinating the 99mTc.(169-

171) Using this direct labeling approach, the 9C-scFv was radiolabeled with a 

high labeling yield (> 93%) and with high serum stability (> 98 % after 4 hours). 

The in vitro cell binding analysis revealed that 99mTc-labeled 9C-scFv bound to 

the TF displaying MDA-MB-231 cells significantly better than the B16F10, 

asserting that radiolabeling with 99mTc did not affect the ability of the 99mTc-

labeled 9C-scFv to recognize and bind to the TF antigen (Fig. 6). The 99mTc-
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labeled 9C-scFv was administered in mice bearing MDA-MB-231 xenografts via 

tail vein and whole-body SPECT/CT images were acquired 4 hours post injection 

(Fig. 4.7). The SPECT images revealed that there was a moderate tumor uptake 

of 99mTc-labeled 9C-scFv in vivo. However, images also showed a significant 

non-target accumulation in other body organs such as kidneys, liver, and 

stomach. The high kidney uptake can be attributed to the fact that scFv 

fragments clear out of body via kidneys.(51) The presence of positively charged 

histidine residues in the C-terminal tail of scFvs  may also lead to non-specific 

binding of scFvs to the negatively charged kidney tubules.(173-175) Previously 

published reports also suggested that the N-terminus His-tag and its subsequent 

radiolabeling with 99mTc have been associated with significantly high liver 

uptake.(175-178) Taken together, these results demonstrated that even though 

9C-scFv bound specifically to the TF epitope in vitro, it did not result in high 

contrast in vivo SPECT/CT images.  There are number of strategies that may be 

utilized to improve the pharmacokinetics of these scFv fragments. To remove the 

influence of His-tag in high liver and kidney retentions, scFvs can be expressed 

and purified without any tags or with other tags such as FLAG tag or enzymatic 

removal of tag post purification. Alternatively, as described in Chapter 3, we can 

conjugate 9C-scFv to the ultrasmall silica particles and assess the difference in 

the biodistribution profile of the resulting nano-immunoconjugates.  

 In conclusion, here we described the identification of a Thomsen-

Friedenreich specific scFv fragment using phage display technology. The TF 

specific 9C-scFv clone was characterized in vitro for its Tf-specificity. The 9C-
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scFv was radiolabeled with 99mTc and investigated in vivo for its SPECT/CT 

imaging properties in mice bearing human breast cancer xenografts. Even 

though 99mTc-labeled 9C-scFv showed moderate tumor accumulation, there was 

also a significant non-specific retention in other major body organs. More work 

needs to be performed to alter the pharmacokinetics of the TF-specific 9C-scFv 

to achieve high-contrast in vivo images.  
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