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Fig. 1-2. In vivo phage display. a) Peptide ligands displayed on phage can home to
receptors expressed on the surface of tissue endothelium. b) These peptide ligands can be
used for directing therapy to specific tissues and organs. Reprinted with permission from
Kolonin M, Pasqualini R, Arap W. Molecular addresses in blood vessels as targets for
therapy. Curr Opin Chem Biol. 2001 Jun;5(3):308-13. Copyright: © 2001 Elsevier
Science Ltd.
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determined to be nonrandom. This work led to the generation of a targeted drug for
patients with metastatic prostate cancer. A peptide found to mimic interleukin 11 and
bind to the interleukin 11 receptor alpha which is upregulated on the surface of bone-
marrow metastasis was conjugated to a pro-apoptotic moiety (p[ KLAKLAK],). This
formulation, called bone-marrow targeting peptide 11, has since been shown to be
therapeutically active in several types of cancer including prostate cancer metastasis to
bone, osteosarcoma, and osteosarcoma metastasis to lung [43, 44] as well as non-small
cell lung cancer (NSCLC) and leukemia (data in preparation). Subsequent screenings in
patients have been performed with the overarching goal of mapping human vasculature
heterogeneity towards the development of molecularly targeted drugs and imaging

agents.

1.2.3 Next-generation phage display

Recent advances in sequencing capabilities have revolutionized the field of
genomics; however, it is widely accepted that DNA sequence alone is not sufficient to
fully describe how proteins function and interact in their environment. The combination
of high-throughput sequencing and combinatorial phage display has been applied towards
building a more complete understanding of protein function and protein-protein
interactions. In either an in vitro or in vivo phage display screen, the two rate-limiting
steps include quantifying phage homing (traditionally performed by allowing particles to
infect bacteria and confer resistance, selecting for infected bacteria by plating on agar
containing antibiotics, and counting colonies the following day) as well as identification

of the amino acid sequence of the peptide displayed on each phage by DNA sequencing
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of individual bacterial colonies. To address these limitations, Dias-Neto et al. [45]
eliminated the reliance on host bacteria and utilized real-time PCR for rapid phage
quantification and high-throughput sequencing for large-scale analysis of phage display
screening data. By implementing these improvements, they were able to perform phage
display screenings 1,000 x faster and 250 x cheaper while recovering over 100 x more
sequences. For example, high-throughput sequencing enabled recovery of over 1 million
peptide inserts per run whereas traditional Sanger sequencing was limited to the number
of bacterial colonies manually tested. Furthermore, the analyzed sequence dataset
included over 90% of the phage diversity present in each targeted tissue suggesting that
the diversity in these tissues was covered (Fig 1-3). By leveraging this exponential
increase in recovered data from a single screen, a panel of novel protein-protein
interactions were identified in a patient screen and four were further validated and
characterized in the context of normal and disease tissues [46].

Following the development of next-generation technologies for large-scale phage
screenings, several other groups have utilized this technology for high-throughput phage
display applications. D1 Niro et al. have developed and characterized a cDNA phage
library displaying open reading frames of the human genome [47]. They identified
several known as well as novel protein-protein interactions involving the
transglutaminase 2 enzyme interaction network by large scale recovery of phage
sequences. Likewise, Fowler et al. have developed a high-throughput approach for
investigating sequence variation in the context of ligand binding towards optimized drug

development [48]. By performing multiple rounds of selection coupled with deep-
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Fig. 1-3. Saturation plots of peptide diversity coverage after next-generation
sequencing. The number of distinct peptides observed in bone marrow (a), fat (b),
muscle (c), skin (d) or the non-selected library (e), are shown as a function of the total
number of peptide sequences evaluated for each tissue. Adapted from Dias-Neto E,
Nunes DN, Giordano RJ, Sun J, Botz GH, et al. Next-Generation Phage Display:
Integrating and Comparing Available Molecular Tools to Enable Cost-Effective High-
Throughput Analysis. PLoS ONE. 2011. 4(12): e8338. Copyright: © 2009 Dias-Neto et
al. This is an open-access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are credited.
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sequencing of recovered phage, they were able to identify regions of the human WW

domain that were essential for binding to its peptide ligand.

1.3  Analysis of high-throughput peptide screenings

Diverse phage libraries yield vast sequence datasets and impose great demands
for efficient evaluation of experimental results. Contemporary amino acid—alignment and
assessment programs for high-throughput sequencing data analysis are needed to quickly
and reliably interpret consensus motifs from the phage sequences recovered in screenings
to facilitate the discovery of protein partners and reveal new tissue specific molecular
targets [49].

Protein sequence alignment can be performed at several different levels including
bioinformatic similarities, structural and pharmacophoric properties, and molecular
characteristics. In the early 1990s, the BLOSUMG62 matrix was considered one of the
most efficient amino acid substitution matrices for sequence alignment applications. By
examining sequence similarity in related proteins, the probability of amino acid
substitution could be estimated and amino acids could be optimally grouped [50].

Drug screening tools can also be adapted for protein similarity identification
applications. Shape comparison can be more accurate than sequence-based alignments
such as BLOSUMG62 when applied towards predicting molecular interactions [51, 52].
For example, the molecular alignment program ROCS (Rapid Overlay of Chemical
Structures), was developed by OpenEye Scientific Software (Sante Fe, New Mexico) as a
virtual screening tool with the capability to overlay representative volumes as a measure

of similarity between molecular shapes with mismatched volumes representing
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dissimilarity (Fig. 1-4). Furthermore, pharmacophoric characteristics are also taken into
account in the scoring algorithm. These three dimensional alignments can be valuable in
several applications including predicting protein structures and revealing binding
elements between different molecules [53].

An additional drug screening program designed by Oprea et al. in 2001 is the
chemical global positioning system (ChemGPS) or “drugspace” map developed by
applying geographical-like characteristics such as longitude and latitude as well as the
concept of structural objects such as landmarks and cities to a chemical or drug space.
These characteristics when applied towards molecules include aspects such as size,
hydrophobicity, polarizability, electrostatic charge, structural flexibility or rigidity, and
dipole-dipole attraction [54]. Coordinates on the map are represented by t-scores
measured from a total of 423 “core” structures (representative drugs) and “satellite”
structures (molecules that contain characteristics way outside the drug space). Principal
component analysis (PCA) was used to predict scores for many other chemicals and
amino acids, building a comprehensive map of drug interrelationships [54]. The
ChemGPS tool is especially attractive when applied towards comparing different
molecules by simultaneously taking into account various dimensions and characteristics.

For applications in high-throughput phage display data, ROCS as well as
ChemGPS programs can be adapted to serve as valuable tools for identifying consensus
motifs in tissues of interest by not only taking into account amino acid sequence, but also

the overall shape and predicted biological activity of the peptide.
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Fig. 1-4. Volume overlay of tyrosine and tryptophan generated by ROCS OpenEye
Scientific Software. ROCS 3.2.0.4: OpenEye Scientific Software, Santa Fe, NM.
http://www.eyesopen.com.
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1.4  Hepatocellular carcinoma

Hepatocellular carcinoma (HCC) is the 5™ most common type of cancer found in
adults and the 3™ most common cause of cancer death [55]. There are approximately
630,000 new cases per year with about 80% of cases occurring in developing countries
including sub-Saharan Africa, East and Southeast Asia, and Melanesia [56]. Risk factors
for HCC include alcohol intake, hepatitis B virus, hepatitis C virus, exposure to toxins,
and obesity [55, 57]; however, chronic liver disease is the main etiological factor
associated with all cases of HCC [56]. A main characteristic of cirrhotic liver is a
decrease in hepatic vasculature which subsequently leads to a hypoxic environment in the
injured tissue. In response, cells upregulate hypoxia inducible factor-1a which goes on to
stimulate the production of additional angiogenic signaling molecules including VEGF
and several matrix metalloproteinases in an attempt to restore vascularization [58, 59].
Misregulation of these angiogenic and inflammatory signals can lead to damage of the
surrounding liver tissue, inhibition of tissue regeneration, and eventually the development
of HCC [55, 60].

Screening for HCC is performed by measuring serum levels of alfafetoprotein or
routine monitoring of the liver by ultrasound imaging [55]. Unfortunately, the disease is
usually detected when the tumor has progressed to an advanced and incurable stage.
Metastasis accounts for almost 90% of cancer associated mortality and is the least

understood aspect of cancer pathogenesis [61].
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1.4.1 Current standard of care for localized HCC

Treatment decisions for HCC are heavily based on tumor size and staging. In the
past, the only curative treatment for HCC was partial hepatectomy or liver transplantation
if the tumor was small (10-30% or cases) or local ablative therapy for patients who were
not surgical candidates [56]. Surgical resection of HCC tumors carries an increased
mortality rate when compared to resection for benign disease or liver metastasis from a
primary tumor not originating in the liver most likely due to the increased burden of
disease associated with cirrhosis [62]. Therefore, the ideal candidates for HCC resection
are those with early stage local disease lacking major vascular invasion and having well
managed cirrhosis.

Liver transplantation is an ideal therapy choice because this treatment modality
can mediate both the HCC as well as underlying liver damage. For HCC patients that
meet the criteria for transplantation (small solitary tumor without vascular invasion or
metastasis) the reoccurrence rate is around 5-15% with 5 year survival of over 70% [55,
63]. In fact, liver transplantation offers better disease-free and overall survival compared
with resection in patients that meet the criteria (66% 5-year survival for transplantation
compared to 46% 5-year survival for resections) [64]. Despite the improved outcomes
associated with transplantations, a major limitation is the availability of organs. Patients
on the waiting list for a liver transplant may have their cancer progress causing them to
be removed from the list.

An alternative to surgical interventions for treatment of HCC is local ablative
therapy. These treatments induce tumor cell death by modifying cell temperatures using

lasers, microwaves, radiofrequency, or cryoablation [55]. As these technologies have
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become more widely accepted, an increased amount of data has been collected as to the
outcomes and benefits. For small HCC tumors that have not metastasized, S-year survival
rates of 40-70% have been reported for ablative therapy [55, 65]. Many patients will

undergo neo-adjuvant ablative therapy while on the waiting list for a transplant.

1.4.2 Molecular targeted drugs for advanced HCC

Unfortunately, many patients with HCC are not eligible for localized treatments
due to extra-hepatic metastasis and macroscopic vascular invasion. HCC is a chemo-
resistant tumor, therefore, systemic chemotherapy is not an effective treatment [66-68];
however, recent studies have shown that combination chemotherapy may enable the
tumor to become resectable [67]. Currently, the molecularly targeted drug, sorafenib,
which interferes with the mitogen-activated protein kinase signaling pathway has been
the only drug that increases the overall survival of patients with advanced HCC [56, 69].
Sorafenib counteracts angiogenic signaling critical for HCC tumor establishment, growth
and progression and has been successful in treating advanced HCC systemically. In a
clinical trial, the median overall survival for patients with advanced HCC treated with
sorafenib was 10.7 months compared to 7.9 months in a placebo group [69].

Due to sorafenib’s success as the first drug found to be effective in patients with
advanced HCC, many subsequent studies of molecularly targeted agents have been
performed with the hopes of improved patient outcomes. Despite a wide range of studies,
no therapeutic target has of yet shown efficacy in Phase III trials [55]. Given the
frequency and mortality associated with HCC and its metastasis, there is a clear need for

identification of improved therapeutic targets. HCC is commonly referred to as a
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hypervascular tumor [55, 70] and the recent advancement of anti-angiogenic molecular
therapies suggests that this may represent an ideal direction for improvements in the

treatment of advanced HCC.
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CHAPTER 2: MATERIALS AND METHODS

Reagents. The following primary antibodies were used: rabbit polyclonal anti-
bacteriophage (Sigma), HRP-conjugated monoclonal anti-bacteriophage antibody (GE
Healthcare Life Sciences), rabbit polyclonal anti-giantin antibody (Abcam), rat
polyclonal anti-Orc2 antibody (Millipore), rabbit polyclonal anti-MEK1/2 antibody
(CellSignaling), and mouse monoclonal anti-S8K antibody (Abcam). The following
secondary antibodies were used: HRP-conjugated anti-rabbit IgG, Cy3- conjugated anti-
rabbit IgG (both obtained from Jackson ImmunoResearch Laboratories), biotinylated
anti-rabbit IgG (Vector Laboratories), FITC-conjugated anti-rabbit (Life Technologies),
FITC-conjugated anti-mouse (Life Technologies), and FITC-conjugated anti-rat (Life
Technologies). All synthetic peptides were commercially synthesized by PolyPeptide

Laboratories.

Cell culture. HEP3B, HEPG2, and SNU449 HCC cells (ATCC) were maintained in
Dulbecco's Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS),
100 units/mL penicillin, 100 ug/mL streptomycin, and 2 mM L-glutamine and cultured at
37°C in a humidified 5% CO, incubator. Human Dermal Microvascular Endothelial Cells
(HDMECs) were maintained in EGM™-2 MV media containing 5% FBS and growth
supplements (Lonza Group, Ltd.) and cultured at 37°C in a humidified 5% CO,
incubator. 293FT cells (Life Technologies) were maintained in DMEM (high glucose),

10% FBS, 0.1 mM non-Essential Amino Acids, 6 mM L-glutamine, 1 mM sodium
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pyruvate, and 500 ug/ml Geneticin® (Life Technologies) and cultured at 37°C in a

humidified 5% CO, incubator.

Preparation of phage libraries. Both CX;C and CXgC phage display random peptide
libraries were used for screening in patient 6. Primary unamplified phage libraries were
produced in order to decrease the likelihood of having an over-representation of certain
phage clones. Previously, the preparation of highly diverse phage libraries (10° peptide
permutations) has been described in [71]. Briefly, preparation is based on cloning DNA
fragments encoding for short peptides into the fUSES phage genome vector. The
fragments are cloned into the plll capsid coat protein gene so that peptides will be
displayed on the surface of the phage and be able to interact with potential targets. First,
the fUSES plasmid is grown in Escherichia coli (E. coli) MC1061 F’-minus bacteria
maintained in LB- tet/strep medium [71]. This vector was initially designed to be non-
infective due to the insertion of a disrupting “stuffer”” sequence in the gene III reading
frame [71]. When the stuffer sequence is replaced by an in frame sequence, infectivity is
restored. fUSES vector was digested with the restriction enzyme Sfil which removed the
stuffer sequence and resulted in overhangs that are incompatible with one another. This
allows for unidirectional cloning of a DNA insert that is digested with the Bgl/ restriction
enzyme [21, 71]. Synthetic inserts were purchased as single strand oligonucleotides with
the sequence:

5’ CACTCGGCCGACGGGGCT (NNK)x GGGGCCGCTGGGGCCGAA 3°

Where N indicates random nucleotides (nt), K indicates either a G or T in order to

prevent the presence of stop codons in the sequence, and X represents the number of
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amino acids desired in the peptide library. After ligation of the insert into digested
fUSES, the vector was electroporated into MC1061 (at least 100 electroporations/library)
and amplified by shaking at 225 rpm at 37°C overnight.

Phage particles were amplified by infecting K91/ kanamycin (kan) bacteria grown
to log phase for 20 min at room temperature (RT). The infected bacteria were then
cultured in media containing 0.2 ug/mL tetracyclin (tet) in order to induce the phage tet
resistance gene. Following induction, bacteria were cultured overnight at 37°C in LB
media containing 20 ug/mL of tet and 100 ug/mL of kan. Cultures were next centrifuged
at 5,000 x g for 10 min and phage were precipitated with 16.5% polyethylene glycol and
3.3 M sodium chloride. After resuspending precipitated phage in phosphate buffered
saline (PBS), phage were quantified by bacterial infectivity assays on kan/tet selective
agar plates containing both 100 ug/mL kan and 40 ug/mL tet. Phage were diluted in PBS
and infected with log phage K91 E. coli in kan media for 20 min at RT. The bacteria were
plated in triplicate onto the kan/tet plates and incubated overnight at 37°C. Colonies were
counted to determine the transducing units (TU) per uL based on the phage starting
dilution [72]. The resulting library should contain 10" — 10> TUs of phage. Likewise,
about 100-1000 copies of each peptide can be expected to be represented in the library
[72]. Next, endotoxins were removed from the library as described in [73] because it
would be administered intravenously to a patient. Sterilized phage libraries were stored at

4°C in saline until administration.

Real time PCR for phage quantification (qPhage). Phage were quantified using the

gPhage protocol described in [45]. Briefly, phage samples were diluted 1:20. 5 uL of the
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dilute phage sample was mixed with 1 x Fast SYBR Green PCR Mastermix (Applied
Biosystems) and 3.75 pmole of each of the primers:

forward:5’- TGAGGTGGTATCGGCAATGA- 3’

reverse: 5’ - GGATGCTGTATTTAGGCCGTTT-3’
for a final reaction volume of 15 ul.. These primers amplify a region on the tet resistance
gene located on the fUSES plasmid. The amplification program consisted of 50°C for 2
min, 95°C for 10 min, and 40 cycles of 95°C for 15 sec and 60°C for 1 min. A standard
curve was generated from serial 1:10 dilutions of a known concentration of phage (10° to
10” plasmids). The amount of phage in each reaction was determined by comparing the
amplification threshold for each sample to the standard curve. All amplifications were

run in triplicate.

Phage display screen in a patient. The study design was reviewed and approved by the
Institutional Review Board of the University of Texas M. D. Anderson Cancer Center
(MDACC # 1D99-417) and follows the established ethics framework and guidelines [74,
75]. A 53 year-old male patient had been newly diagnosed with HCC and was on his way
to be treated at the University of Texas MD Anderson Cancer Center. During the trip, the
patient claimed to have chest pain and lost consciousness. At the emergency room, he
was found to be unresponsive and in cardiopulmonary arrest. The patient sustained
hypoxic brain injury and was made do not resuscitate. Following approval, a starting dose
of 10" TUs of CX;C and CXsC phage library was intravenously injected into the patient.
Needle tissue biopsies were collected 15-30 min following infusion according to

Biosafety Level 1 protocols and kept on ice. The patient was then weaned from life-
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support systems and autopsy samples were collected 72 hr following phage library
injection after the patient was pronounced dead (Fig. 2-1). Tissue samples were handled

taking standard precautions associated with blood and bodily fluids.

Sequencing of individual phage. In order to confirm the correct peptide insert located
on phage after production or amplification, phage colonies were transferred into 30 uL of
10% glycerol for storage at -20°C. For a finalized phage preparation, phage were diluted
1:1000 in PBS. The PCR reaction contained 2 uL. of the bacteria/glycerol mixture or

diluted phage, 8 pmol of forward and reverse primers specific for fUSES:

forward: 5’- AGCAAGCTGATAAACCGATACAATT - 3’

reverse: 5’- CCCTCATAGTTAGCGTAACGATCT -3’
0.5 uLL of 10 mM dNTPs, 2 uL of 25 mM MgCl,, 4 uL. of 5 x GoTaq Polymerase buffer
(Promega), 2 units of GoTaq DNA polymerase (Promega), 0.4 uL of dimethyl sulfoxide
(DMSO), and water to a final volume of 20 uL. PCR reactions were carried out under the
following conditions: 94°C for 3 min, 35 cycles of 94°C for 10 sec, 60°C for 30 sec and
72°C for 1 min, followed by 72°C for 3 min. The DNA was sequenced by the Sequencing

Core Facility at the University of Texas M.D. Anderson Cancer Center.

High-throughput phage sequencing. High-throughput phage sequencing protocols were
adapted from [45]. Tissues obtained from in vivo phage display screens (25 mg/sample)
were ground using the Precellys®24 tissue homogenizer (Bertin Technologies). Tissue
digestion and DNA extraction was performed using a DNeasy Blood and Tissue Kit

(QIAGEN) and the final elution was done with 200 uL of sterile water. Amplification of
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Fig. 2-1. Schematic of phage display screen in a patient with HCC.
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the region of phage DNA containing the peptide insert was performed using primers
specific to the fUSES vector:

forward: 5’ TAG- CGCAATTCCTTTAGTTGTTCC 3’

reverse: 5" TGAATTTTCTGTATGAGGTTTTGC 3’
We designed a system of tagging peptides extracted from specific tissues by performing
the initial DNA amplification with a unique three to six base pair sequence at the 5’ end
of the forward primer. Six base pair tag sequences had at least 2 base pair difference and
no more than 2 guanines or cytosines. The tagging system allows for the pooling of PCR
products from each tissue for sequencing in a single run and requires post sequencing
processing to determine the tissue of origin for each sequence. Phage DNA was amplified
using the Kapa HiFi DNA Polymerase Kit (Kapa Biosystems) for high fidelity PCR
amplification products. The PCR reaction contained 1.5 uLL of 10 mM dNTPs, 5 uLL of 5 x
GC Bulffer, 2 uL. of 25 mM MgCl,, 0.64 uLL of KAPA HiFi DNA Polymerase, 16.5 pmols
of each primer, 5 uL. of DNA, and water to a final volume of 25 uL. The reaction mix was
placed in a thermocycler and heated to 95°C for 2 min, with 35 cycles of 98°C for 20 sec,
60°C for 15 sec, and 68°C for 10 sec. After amplification, each sample was separated on
a 4% agarose gel where the desired product was between 140-150 nt in size. If
contamination at other sizes were present, the 140-150 nt bands were excised from the
gel and purified using a QIAquick Gel Extraction Kit (QIAGEN). Following purification,
samples were combined and purified using a DNA Clean & Concentrator™-5 Kit (Zymo
Research) and eluted 2 x with 25 uL of water. DNA was quantified and sent to the MD

Anderson Sequencing Core for high-throughput sequencing.
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Raw data processing and peptide extraction. Given the great number of sequences
generated using large-scale sequencing (on the order of 10° - 10® sequences per run), an
online sequence submission and analysis system for processing raw data was developed
using PERL scripts and a MySQL relational database management system. Peptide insert
sequences were extracted and sorted based on their tissue of origin and a newly
developed data mining tool was designed to allow for users to directly search for peptides
of interest. A tagging system was used to label peptides extracted from specific tissues by
performing the initial DNA amplification with a unique short sequence at the 5 end of
the forward primer. Peptide insert sequences were extracted based on the identification of
both the flanking regions of the insert and the identification of this unique tag designating
the sample of origin. Sequence quality analysis was also performed to ensure the
reliability of each read. Exact base pair identification of the clone structure, identification
tag, amplification primers, and the flanking region of the insert was ideal; however,
minor sequencing discrepancies were allowed for in the clone structure, primer, tag, and
flanking sequence when extracting peptide sequences in order to utilize the full spectrum
of data. Additionally, saturation data analysis was performed to determine the coverage
of phage diversity for each tissue. The number of distinct peptides observed in a tissue or
sample of choice was compared to the total number of sequences evaluated for that tissue
or sample. This system allowed for a single multi-functional program for easy lab

member access and analysis of newly acquired data.

Bioinformatic analysis for peptide selection. A bioinformatic workflow was developed

to identify and prioritize lead peptide candidates for further validation (Fig. 2-2). Peptide
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Fig. 2-2. Bioinformatic workflow describing the selection of lead motifs from peptide
sequences recovered from a phage display screen performed in a patient.
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sequences were gathered into groups, and assigned a unique label based on source tissue
and sample. Biologically similar groups were further aggregated into pools. Correlative,
non-correlative, and anti-correlative relationships between the pools were defined such
that tissue-specific features could be identified through statistical testing. Significance
scores were computed for sequences from each tissue, versus tissues belonging to
negatively correlated pools. Those with Fisher Exact Test p-values < 0.05 (one-sided)
were selected for further analysis. Peptide sequences selected for analysis were assigned
to clusters based on common tri-peptide segments. The clusters were then refined by
extending tri-peptide segments into patterns of 4, 5, and 6 amino acids, effectively
creating a tree of sub-clusters exhibiting incrementally greater sequence similarity.
Patterns that fail to yield Fisher test p-values < 0.05 versus sequences from negatively
correlated pools were next excluded. The remaining clusters were then prioritized
according to the total number of matching sequences and processed using ClustalW
alignment software (EMBL-EBI). The resulting sequence alignments were finally
manually reviewed for internal consistency. Sequences containing multiple tryptophans

and the sequences RGD or NGR were excluded from the analysis.

Multidimensional analysis for peptide selection. In a secondary bioinformatics
analysis, alternative properties of peptide inserts were taken into account to identify
enriched motifs in specific tissues (Fig. 2-3). Five different amino acid substitution
matrices were utilized to account for different amino acid properties including shape and
pharmacophoric activity [50, 54, 76]. Next, all unique forward and reverse motifs were

generated from the peptides found in all tissues. The size of motifs ranged from 1-8
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