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Abstract Phage display is a powerful method for target

discovery and selection of ligands for cancer treatment and

diagnosis. Our goal was to select tumor-binding antibodies

in cancer patients. Eligibility criteria included absence of

preexisting anti-phage-antibodies and a Stage IV cancer

status. All patients were intravenously administered

1 9 1011 TUs/kg of an scFv library 1 to 4 h before surgical

resection of their tumors. No significant adverse events

related to the phage library infusion were observed. Phage

were successfully recovered from all tumors. Individual

clones from each patient were assessed for binding to the

tumor from which clones were recovered. Multiple tumor-

binding phage-antibodies were identified. Soluble scFv

antibodies were produced from the phage clones showing

higher tumor binding. The tumor-homing phage-antibodies

and derived soluble scFvs were found to bind varying

numbers (0–5) of 8 tested normal human tissues (breast,

cervix, colon, kidney, liver, spleen, skin, and uterus). The

clones that showed high tumor-specificity were found to

bind corresponding tumors from other patients also. Clone

enrichment was observed based on tumor binding and

DNA sequence data. Clone sequences of multiple variable

regions showed significant matches to certain cancer-rela-

ted antibodies. One of the clones (07-2,355) that was found

to share a 12-amino-acid-long motif with a reported IL-

17A antibody was further studied for competitive binding

for possible antigen target identification. We conclude that

these outcomes support the safety and utility of phage

display library panning in cancer patients for ligand

selection and target discovery for cancer treatment and

diagnosis.
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Introduction

The field of targeted therapy is providing an entirely new

generation of highly active anticancer drugs including

monoclonal antibodies [1–4]. A method to rapidly develop

different sets of therapeutic antibodies would greatly con-

tribute to the field of targeted anticancer therapy. Phage
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display is a powerful method to generate antibodies to

known or unknown tumor targets. In this technology, the

bacteriophage express the antibody library on their outer

surface, and the antibodies of desired characteristics are

selected by the process of panning on the targets [5].

Known targets typically are purified and used in the puri-

fied form for selection of phage-displayed ligands. More

complex assemblage of biological material is typically

used to screen for ligands to unknown targets. For example,

whole tumor cells are typically screened in serial panning

events for ligands. Identification of the target of a tumor-

selective ligand can provide important information related

to molecular features that differ between tumor and normal

cells. Use of a complex tissue for screening can yield both

a ligand to and identification of important targets.

The choice of the target tissue depends on the panning

strategy used to identify target-selective ligands. For example,

whole tumor cell-panning is typically accompanied by sub-

traction of the input phage with non-tumor cells [6, 7].

A number of investigators have used in vitro phage display

approaches with innovative variations and identified tumor-

specific ligands by panning established tumor cell lines

[8–11]. We have focused on using clinical material for pan-

ning strategies [12, 13]. Patient-derived material has the

advantage of clinical relevance, but has the disadvantage of

limited and variable supply [14]. Also, other than blood ele-

ments, there are limited options to use a normal tissue coun-

terpart from the same patient for subtraction of input phage.

Another approach utilizes an in vivo selection process in

which animal models of cancer are injected with a phage

display library and the tumor-homing phage are recovered

and assessed for their binding to the tumors. Several

research groups have identified tumor-specific ligands

following phage library infusion in animals using this

strategy [15–23]. It would be a great translational success if

the same strategy could be successfully applied to human

cancer patients. Tumors in a patient represent the most

complex state of a tumor and the most clinically relevant.

All the cellular components are present, and the tumor is in

a dynamic state of interaction with the blood supply and the

immune system. Based on the data from our preclinical

study [24], we chose to develop a protocol for selection of

phage-displayed ligands in cancer patients. In addition to

the advantages associated with the presence of all the

tumor elements, some level of subtraction to normal tissue

elements should occur as the library circulates through the

body. With all of the targets present and blood flowing

through the tumor, this approach should provide the max-

imum opportunity for identifying unique tumor targets.

We previously reported the very first study related to a

phage library infusion in human cancer patients and

established toxicity profile of different doses and formats

of phage-displayed libraries [25]. In this second study with

phage display panning in 6 patients with Stage IV cancer,

we have evaluated the binding of the tumor-homing phage-

antibodies and derived soluble scFv antibodies to patients’

tumors and to a panel of normal human tissues in order to

determine the cancer-specificity of the selected clones.

Materials and methods

Human subjects

This Phase 1 clinical study was performed in accordance

with the US Federal Drug Administration (approval # FDA

BB-IND 9145; Protocol Amendment: CHRMS 05–170,

V0210, Protocol 815) and the University of Vermont

Institutional Review Board Committee on Human

Research in the Medical Sciences. Eligibility criteria

included the following: Stage IV malignancy of any his-

tology; [18 years of age; non-pregnant; a life expectancy

of C4 months; Karnofsky status C70; Hgb C10 gm/dL

Hct C30 %; ANC 1,500/lL; platelets C75,000/lL, creati-

nine\institutional upper limit of normal; hepatic function

parameters less than 2 9 upper limit of normal (serum

albumin 3–5.5 g/dL, alkaline phosphatase 38–126 U/L,

alanine aminotransferase 15–75 U/L, aspartate amino-

transferase 8–50 U/L, direct bilirubin 0.0–0.3 mg/dL, total

bilirubin 0.2–1.3 mg/dL, total protein 6–8.5 g/dL); cardiac

NYHA Grade II or less; no evidence of impaired lung

function on physical examination; no clinical symptoms

suggestive of brain metastases unless ruled out by imaging

studies; no psychiatric conditions that would prevent

informed consent regarding this study; and no elevation of

anti-bacteriophage antibodies. The schematic outline of the

study has been summarized in Supplementary Table S1.

Six cancer patients were recruited for this study. The

tumor types included malignant melanoma, granulocytic

lymphoma, colorectal cancer, and chondrosarcoma

(Table 1). Patients’ ages ranged from 43 to 72 years.

Serum phage-antibody assay

Serum phage antibodies were determined using an ELISA-

based method we previously developed for animal and

human panning [24, 25]. Sera for positive controls were

available from the patients that had previously been infused

with a phage library. Briefly, a 96-well Maxisorp plate

(NUNC, Rochester, NY) was coated with 1 9 107 TUs of

filamentous phage library overnight at 4 �C. The unbound

phage were removed with Tris-buffered saline (TBS)

containing 0.1 % Tween, and the wells were blocked with

1 % casein in TBS. Phosphate buffered saline, pH 7.2

(PBS), human IgG (negative control), the sera from posi-

tive controls, and the test serum samples were added in
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triplicate to the appropriate wells (100 lL/well). These sam-

ples were incubated on the plate for 2 h with a slow shaking at

room temperature. The plate was washed again to remove any

unbound material. Goat anti-human IgG-HRP conjugate

(1:10,000) was added to the wells and incubated for 2 h at

room temperature. The plate was washed again to remove the

unbound HRP conjugate. ABTS (2,20-azinobis [3-ethylben-

zothiazoline-6-sulfonic acid]-diammonium salt) was used for

detection of the conjugate.

Phage library

The human single chain scFv Tomlinson I library [26],

cloned in ampicillin-resistant phagemid vector pIT2 and

transformed into TG1 Escherichia coli cells, was obtained

from MRC, HGMP Resource Centre (Hinxton, Cambridge,

UK). The scFv fragments were comprised of single poly-

peptides in which the VH and VL domains were attached

together with a flexible glycine-serine linker. The scFv

library amplification and titration were done as described

earlier [26, 27], using KM13 helper phage [28] and TG1

E. coli bacteria.

Preparation of phage library for infusion

Endotoxins were removed from the library preparation by

performing 1 % (v/v) Triton X-114 extractions until the

preparation had endotoxin levels under the FDA limit of

5EU/kg as determined by Limulus Amebocyte Lysate gel

clot assay (Endosafe, Charles River Labs, Wilmington,

MA). The phage were concentrated with polyethylene

glycol, and the resulting pellet was resuspended in PBS

containing protease inhibitor aprotonin (Trasylol; Bayer

Pharmaceuticals Corporation, West Haven, CT). The

phage suspension was shaken for 10 min at 200 rpm on

ice to completely solubilize the phage particles. The

sample was centrifuged, and the supernatant containing

the phage was passed through a pyrogen-free 0.22 lm

polyethersulfone membrane filter. Sterility of the phage

preparation that was injected into the human patients was

tested according to the US FDA Code of Federal Regu-

lations (21 CFR 610.12), using fluid thioglycolate and

soybean casein media. All the infused phage preparations

demonstrated no evidence of microbial growth after

2 weeks of the sterility testing.

Table 1 Summary of the phage-antibody treatment procedures conducted in the patients who participated in this study

Patient ID Tumor histology Dose of phage scFv

library, TUs/kg

(Body weight, kg)

Location(s) of

tumor resection

Size of excised tumor Side effects

during

infusion

Side effects

post-infusion

days 2–60

180-12 Granulocytic lymphoma 1 9 1011 (91.08) Left chest wall,

high axillary

area-left

pectoralis muscle

2 9 2 9 2 cm None Please see

footnotea

180-13 Colorectal metastasis to liver 1 9 1011 (95.79) Pedunculated

hanging tumor-

right posterior

lateral liver,

segment VI

6 9 5 9 4 cm None None

180-14 Chondrosarcoma metastasis to

pelvis

1 9 1011 (85.05) Pelvic mass 21 9 11.5 9 10.5 cm None None

180-15 Melanoma metastasis to lymph

node

1 9 1011 (83.00) Left axillary mass 16 9 12 9 12 cm None Please see

footnoteb

180-16 Melanoma metastasis to liver 1 9 1011 (53.10) Liver resection

partial

segmentectomy

of segment VI

1.6 cm diameter 9

1.9 cm length

None None

180-17 Metastatic melanoma 1 9 1011 (91.7) Subcutaneous

mass excised

from right

posterior thigh

1.5 cm diameter 9

1.5 cm length

None None

a One-month follow-up: low values for blood HGB, HCT, ANC, platelets, albumin, and total protein; high levels of alkaline phosphatase. Two-

month follow-up: ANC returned to normal levels, other side effects remained, attributed to progressive metastatic disease, and/or response to

chemotherapy
b No complications were reported at 1-week follow-up visit. The patient came to ER about 1.5 months after the infusion with nausea, vomiting,

and neck pain. An obstruction was treated with a stent in the superior vena cava. At 2-month follow-up, it was noted that continued side effects

were related to the growth of the malignant melanoma
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Patient monitoring and intravenous phage

administration

Patients had an intravenous line placed and baseline vital

signs (blood pressure, pulse, temperature, and respiratory

rate) determined before the infusion of phage. There were

no concurrent cytotoxic drugs or radiation therapy during

the week preceding phage infusion. The phage library at a

dose of 1.0 9 1011 TU/kg was diluted in 100 mL saline

and infused over 15 min. Patients were closely monitored

for early signs of anaphylaxis. Personnel skilled in han-

dling allergic reactions were present during infusions, and

resuscitative equipment and drugs were immediately

available. Tumors were surgically removed between 1 and

4 h after the phage infusion. A portion of the tumors was

cut and taken by a surgical pathologist for evaluation, and

the rest was transported immediately for processing and

phage recovery. The vital signs, including blood pressure,

pulse, respiratory rate, pulse oximetry, and level of con-

sciousness were monitored closely throughout the infusion,

biopsy, and for 2 h after the procedure. Patients were re-

evaluated at 1 and 2 months following the procedure

(Supplementary Table S1).

Tumor processing and phage recovery

A small portion of the resected tumor was snap frozen and

stored at -80 �C, and the rest was used for the phage

recovery. The tumor amounts available from patients

180-12, 180-16, and 180-17 were too small for an optimal

phage recovery and binding analyses. After removing the

adherent blood, the tumor tissue was cut into several small

pieces and rinsed 5 times by repeated suspension and

centrifugation steps. The rinsed tumor pellet was homog-

enized to release cell-internalized phage. The bacterial host

infection, plating, titration, and amplification were done by

the methods described earlier [24, 25].

Binding assessment

Tumor binding of the individual clones was evaluated using

frozen sections of the same patient’s tumors from which the

clones were recovered. Histological sections were mounted on

12-mm round coverslips and placed in 24-well plates (Thermo

Fisher Scientific, Rochester, NY) as described earlier [13].

Phage clone

Selected individual phage clones were amplified and nor-

malized by ELISA [29] and/or by OD269 measurements

[30]. 1 9 1012 TU of individual phage clones in 200 lL

binding buffer (PBS containing 0.2 % casein and 20 %

goat serum) were incubated with the tissue sections at room

temperature with a slow shaking for 2 h. After the incubation,

slides were rinsed 10 times in PBST (PBS containing 0.1 %

Tween-20) and once in PBS. Mouse anti-M13 antibody (GE

Healthcare, Piscataway, NJ) and goat anti-mouse IgG-Alexa

Fluor 488 (Molecular Probes, Invitrogen, CA) were used to

visualize the phage using Nikon Eclipse Ti fluorescence

microscope (MVI, Avon, MA). Negative phage controls

included naı̈ve library, KM13 helper phage, and a previously

identified phage clone with no demonstrable binding. For

patient cases in which large numbers of phage clones were

recovered, initial binding analysis was done with 4 phage

clones per tissue section followed by subsequent re-analysis of

individual clones from the positive groups. Our control

experiments indicated that 1 positive clone mixed with 9

negative clones in a well could be successfully screened in this

manner. Phage clones with the strongest tumor-binding signal

were chosen for further analysis with their soluble scFv

preparations and characterization.

Soluble scFv antibody

Soluble scFvs were produced by infection in E. coli

HB2151 [31]. E. coli HB2151culture (OD600nm = 0.4) was

incubated with an aliquot of the selected phage clone at

37 �C for 1 h, then plated onto TYE agar containing

100 lg/mL ampicillin and 1 % (v/v) glucose for overnight

growth at 30 �C. Individual colonies were amplified, and

the overnight culture was diluted 1:100 into 200 mL

29 YT containing 100 lg/mL ampicillin and 0.1 % glu-

cose. The bacterial culture was shaken at 37 �C until the

culture’s optical density reached 0.9 at 600 nm. The

expression of scFvs was then induced by the addition of

25 mL 29 TY containing 100 lg/mL ampicillin and

9 mM isopropyl-b-D-thio-galactoside (IPTG). The incuba-

tion was continued for 20 h at 30 �C. The bacterial culture

was centrifuged at 3,000 rpm for 15 min, and the super-

natants were used for the scFv purification and ELISA.

Centrifuge columns packed with protein-L resin (Pierce,

Rockford, IL) were used for scFv purification. scFv pro-

teins were eluted with 0.1 M glycine at pH 3 and imme-

diately neutralized by 1 M Tris buffer, pH 9. The eluted

fractions were analyzed by SDS-PAGE. The fractions

found to contain purified scFv were pooled, concentrated

to*100-fold using Ultra-4 centrifugal filter (Amicon,

Millipore, UK), and stored at -20 �C in 20 % glycerol.

A chemiluminescent ELISA was used to determine the

amount of scFv in each preparation [29]. Briefly, the

microtiter plates coated with protein-A (0.5 lg/well,

Southern Biotech, Birmingham, AL) were blocked with

casein and incubated with the scFv samples in PBST for

1 h at room temperature. scFvs were detected using a

HisProbe-HRP in presence of SuperSignal ELISA chemi-

luminescent substrate (Thermo Scientific, Rockford, IL).
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For tumor-binding studies, selected soluble scFvs from

individual phage clones were normalized. A total of 200 lL of

scFv solutions (0.2–1 lM) in PBS were incubated with the

tissue sections in 24-well plates for 1 h with shaking at room

temperature. Slides were rinsed in PBS after the incubation,

and the bound scFvs were labeled with mouse anti-6xHis

antibody (Sigma, St. Louis, MO). Alexa Fluor 568 or 488

conjugates of goat anti-mouse IgG (Molecular Probes, Invit-

rogen, CA) were used to visualize the scFvs. Alternatively,

the mouse anti-6xHis antibody conjugated to Alexa Fluor

488 (Millipore, Temecula, CA) was used. Imaging was per-

formed using the same methods as with phage clones. The

scFv from a phage clone that was previously shown to have

no demonstrable binding was used as a negative control.

Tumor-binding phage clones and soluble scFvs with the

best binding intensity were subsequently assessed for

binding to a panel of normal human tissues including

breast, cervix, colon, kidney, liver, spleen, skin, and uterus

that were obtained from the Vermont Cancer Center Tissue

Procurement Facility at the University of Vermont.

The binding of selected tumor-specific clones was con-

firmed by lysate ELISA assay. The tumor and normal tissue

lysates were prepared by 3 alternate cycles of freezing/thaw-

ing and ultrasonication. The binding of phage-scFvs to the

immobilized tissue lysates in microtiter plates was monitored

by using anti-M13 antibody-HRP conjugate in presence of

TMB soluble (Millipore Corporation, Billerica, MA) as a

substrate [12, 14]. Some of the tumor-specific phage-anti-

bodies from patients 180-13 and 180-15 were also assessed for

their binding to the archived melanoma (metastasis to axillary

lymph node) and colorectal tumors, respectively, from other

patients using immunofluorescence microscopy as described

above for tumor and normal tissues.

DNA sequence analysis and bioinformatics

When a limited number of phage clones were recovered

from a patient tumor, all the clones were sequenced (180-

17). Otherwise, only the clones with demonstrated binding

to the target tumor tissue were sequenced. PCR-amplified

library inserts from the pIII region of the phage genome

were used for sequencing with the pIII sequencing primer,

50-CCC TCA TAG TTA GCG TAA CG-30, designed by

Dr. George Smith and the LMB3 primer from the Toml-

inson library manual. The sequencing reactions were car-

ried out using BigDye Ver.1 Dye Terminator kit (PE

Biosystems) by the Vermont Cancer Center DNA Analysis

Facility at the University of Vermont.

We extracted the DNA sequences of the variable regions of

the scFvs and translated them into amino acid sequences for

analysis. The proper alignment of the CDRH and CDRL

regions was verified by CLUSTALW software (EMBL-EBI,

Hinxton, UK) applied to the whole set of the resulting

sequences [32]. CLUSTALW was also applied to search for the

similarities between the obtained scFv sequences. The analysis

consisted of alignments of CDRH2, CDRH2?CDRH3, and

CDRL2?CDRL3 domains separately. The sequences of select

scFvs were further analyzed by homology searches with

BLASTp software [33] (NCBI, Bethesda, MD) to find simi-

larities with the reported antibodies. The selection criteria for

inclusion in this search were the following: (a) tumor binding

on histological assay; (b) repeated clones in output phage from

patient panning; and (c) motifs in the scFv groups.

One of the clones (07-2,355) that was found to share a

very significant motif with a reported IL-17A antibody was

further studied for its binding to the tumor in the presence

of a mouse polyclonal anti-human IL-17A antibody

(eBioscience Inc., San Diego, CA) or the negative control

mouse irrelevant antibodies (anti-poly-His tag and anti-V5

tag, Sigma Chemical Co., St. Louis, MO). Clone 07–2,355

binding was localized with a rabbit anti-M13 phage-anti-

body followed by anti-rabbit secondary antibody conju-

gated to Alexa Fluor 488. The IL-17A expression of

melanoma tumor from which this clone was recovered was

compared to that of normal human skin by immunostaining

with anti-human IL-17A antibody and anti-mouse sec-

ondary antibody-Alexa Fluor 568 conjugate.

Results

Adverse events

No immediate or delayed phage-related adverse events

were observed during infusion or during the 8-week

observation period. Specifically, no allergy-related reac-

tions were observed. Patient 180-12 at 1-month follow-up

showed low values for blood HGB, HCT, ANC, platelets,

albumin and total protein, and high levels of alkaline

phosphatase. At this patient’s 2-month follow-up, the

absolute neutrophil count had returned to normal levels but

other side effects remained, attributed to progressive met-

astatic disease and reaction to chemotherapy. Patient

180-15 reported no complications at the 1-week follow-up

visit. At 1.5 months after the infusion, the patient devel-

oped nausea, vomiting, and neck pain. An obstruction from

tumor growth was treated with a stent in the superior vena

cava. At 2-month follow-up, it was noted that continued

side effects were related to the growth of the malignant

melanoma (Table 1).

Sterility tests

All sterility tests for the reagents used in connection with

the phage infusion to patients demonstrated no growth of

bacteria.
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Anti-phage antibodies

Figure 1 shows the levels of anti-filamentous phage IgG in

the archived positive control sera and in the test samples of

enrolled patients, as determined by ELISA. The serum anti-

filamentous phage IgG did not show elevation in their

levels in any of the enrolled patients prior to the phage

infusion.

Tumor phage recovery and tumor-binding assessment

of phage-scFv clones and soluble scFvs

Tumor-homing phage were recovered from all the patients

infused with phage-displayed antibody library. The phage

recovery ranged from 2.9 9 10-4 to 3.1 9 10-3 percent of

the injected phage dose (Table 2). The number of phage

clones evaluated for tumor binding per patient ranged from

24 to 469. The lowest numbers of recovered phage were

related to the small size of the surgical specimen. The

binding studies of scFv antibodies to tumors and normal

tissues in phage-displayed and soluble forms produced

hundreds of images. We have summarized the image data

in several Tables and presented only representative images

for a better understanding of the results. Table 2 shows that

the percentage of randomly selected phage clones per

patient with detectable tumor binding ranged from 0 to

28 %. Our further studies were focused on patients 180-13,

180-14, and 180-15 because the quantity of these patients’

tumor tissues was sufficient for assays. A total of 78

selected scFvs from these 3 patients were expressed in

sufficient quantity for tumor-binding assessment. More

than half (58 %) of the selected scFvs had detectable tumor

binding.

Representative images of scFv binding to cancer and

normal tissues are shown in Fig. 2. These scFvs were

derived from clones recovered from panning a patient with

colon cancer metastatic to the liver. Clone 08-2,350 binds

to the colon cancer and not the corresponding normal

colon. Clone 08-2,035 binds to the colon cancer, but also

binds to normal colon. Clone 07-0,093 binds to neither

colon cancer nor normal colon tissue.

The phage clones and soluble scFvs that demonstrated

high tumor binding were further studied for their binding to

a panel of 8 normal human tissues. A total of 2 of 49

tumor-binding phage clones evaluated for normal tissue

binding did not bind to any of the tested normal tissues and

11 of 49 bound to only 1 normal human tissue (Table 3).

The extent of normal tissue binding was variable, and the

majority of clones bound to an intermediate number of

normal tissues. None of the clones bound to more than 5 of

the 8 normal tissues assessed. A similar variable pattern of

binding to normal tissue was observed with the set of

tumor-binding scFvs. These results show tumor specificity

of several clones selected from in vivo panning.

Binding to normal tissues by tumor-binding clones

varied according to the type of normal tissue. Figure 3A

shows the percentage of tumor-binding phage clones and

soluble scFvs from individual patients that bound to each

of the normal tissues tested. The liver had the highest

frequency of binding by phage clones in all the patients.

Fig. 1 Anti-filamentous phage serum IgG levels in the patients

before infusion of phage-displayed scFv library. The values represent

mean ± SE (n = 3). The first 3 bars represent different types of

negative controls, followed by archived positive controls from 2 post-

fusion patients. The last 6 bars represent the prephage fusion test

serums from patients presented in this report
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However, the scFvs from patients 180-13, 180-14, and

180-15 showed the highest binding frequencies in spleen,

liver, and colon, respectively. Figure 3B presents the

arithmetic mean of the data from the 3 individual patients

along with standard deviations. The data demonstrate a

trend almost similar to that observed in individual patients.

Furthermore, for most normal tissues, phage clones bound

at a higher frequency than soluble scFvs.

The binding results of immunofluorescence microscopy

for some of the tumor-specific clones were further con-

firmed by using tissue lysate ELISA. The ELISA results of

melanoma-specific clones 07-2,355 and 09-8,126 and

colorectal tumor-specific clone 08-2,350, which did not

bind to any of the tested normal human tissues, are pre-

sented in Fig. 4A and B, respectively. We included the

clone 08-2,350 from patient 180-13 in the list of 3 highly

tumor-specific clones because the soluble scFv from this

clone did not bind to any of the tested normal human tis-

sues (Table 3). All three phage-scFv clones exhibited sig-

nificantly higher binding to the lysates of patients’ own

tumors, as compared to the corresponding control of nor-

mal human skin or colon lysate. In addition, the lysate

ELISA on the 8 phage-scFvs from patient 180-15 that

bound to one normal human organ tissue, and the 3 clones

from patient 180-13 that bound to a maximum of two

Table 2 The tumor phage recovery, and number of phage clones and

the soluble scFvs, derived from the higher tumor-binding phage

clones, evaluated for tumor binding and the number that demonstrated

tumor binding

Patient

ID

Tumor

phage

recovery

(% of dose)

Phage clones Soluble scFv

Number

evaluated

Number

binding

to tumor

(%)

Number

evaluated

Number

binding

to tumor

(%)

180-12 1.2 9 10-3 40 11 (28) 0 0

180-13 3.1 9 10-3 469 99 (21) 58 32 (55)

180-14 4.1 9 10-4 241 50 (21) 9 4 (44)

180-15 2.9 9 10-4 288 40 (14) 11 9 (82)

180-16 1.7 9 10-3 176 4 (2) 0 0

180-17 7.6 9 10-4 24 0 0 0

Colon cancer
Hematoxylin-Eosin

stain
Anti-6xHis-Alexa568

fluorescence

Normal colon
Hematoxylin-Eosin

stain
Anti-6xHis-Alexa568

fluorescence

 No scFv

07-0093

08-2350

08-2035

Fig. 2 Representative images of 3 scFvs derived from phage clones

recovered from panning a patient with colon cancer hepatic metas-

tases. Columns 1 (Hematoxylin and Eosin stain) and 2 (anti-6xHis-

Alexa Fluor 568 immunofluorescence) are colon cancer. Columns 3

and 4 are normal colon. Row 1 is negative control with no scFv (PBS

only). Row 2 shows non-binding scFv clone 07-0,093. Row 3 shows

scFv clone 08-2,350 binding to tumor only. Row 4 shows scFv clone

08-2,035 binding to colon cancer and also corresponding normal

colon tissue. Scale bar length = 100 lm
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Table 3 The profile of normal tissue binding for selected tumor-binding phage and scFv clones grouped by patient case

Binding agent Patient ID Total number of clones Number of different normal tissues to which the set of tumor-binding clones bound

0 1 2 3 4 5 [5

Phage clones 180-13 15 0 0 4 6 4 1 0

180-14 12 0 3 2 6 1 0 0

180-15 22 2 8 4 5 2 1 0

ScFvs 180-13 15 1 2 4 4 2 2 0

180-14 4 0 2 2 0 0 0 0

180-15 7 2 0 0 2 3 0 0

Clones with the best binding intensity were evaluated for binding to 8 normal human tissues (breast, cervix, colon, kidney, liver, spleen, skin, and

uterus). Each numbered column shows the number of tumor-binding clones for that case that bind to the indicated number of normal tissues

A

B

Fig. 3 Profile of normal tissue binding of tumor-binding phage-scFv

clones and tumor-binding soluble scFvs. A The pie charts of

individual patients show clone binding to different normal human

tissues. Each human organ in the pie charts shows percent of the

analyzed phage clones (180-13 = 15; 180-14 = 12; 180-14 = 22) or

soluble scFvs (180-13 = 15; 180-14 = 4; 180-14 = 7) from a patient

binds to that tissue. B Bar chart shows the arithmetic mean ± SD

(n = 3) of the data from the above 3 patients. The red and blue bars

represent, respectively, the percentage of phage-scFv clones and

soluble scFvs that bind to the indicated normal human tissue
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normal human organ tissues (Table 3), also demonstrated

higher binding to the tumors from which they were

recovered than to normal human skin or colon (Supple-

mentary Fig. S1).

The clones 07-2,355, 09-8,126, and 08-2,350 were fur-

ther analyzed for binding to the archived melanoma and

colorectal tumors from other patients. Immunofluorescence

microscopy demonstrated the binding of melanoma-spe-

cific clone 07-2,355 (Fig. 4C) to the melanoma tumors

from 2 of the 8 patients. The other melanoma-specific

clone 09-8,126 (Fig. 4D) bound to the melanoma tumors

from 4 of the 8 patients. However, the colorectal tumor-

specific clone 08-2,350 was found to bind to the colorectal

tumors from 5 of the 8 patients (Fig. 4E).

Sequence homology analysis of the variable regions

of the phage-scFv clones

A total of 367 clones were sequenced. We identified motif

sharing among amino acid sequences of tumor-homing

clones and identified those motifs in human proteins. As an

example, Table 4 shows amino acid sequences of the

variable regions, their frequency, and possible motifs of

phage clones obtained from surgically harvested colon

cancer hepatic metastasis from patient 180-13. An enrich-

ment of tumor-binding clones is indicated by the multiple

occurrences of certain clones. The sequence homology

analyses were done independent of normal tissue-binding

characteristics of the clones.

Search results identified several CDRH2 sequences of

phage-scFv clones with significant matches to cancer-

related antibodies [34–38]. Supplementary Table S2 shows

examples of matches of tumor-binding scFv to several

interesting antibodies. The variable region sequence of

clone 07-2,355 that shared a 12-amino-acid-long motif

(SAISGSGGSTYY) with a reported IL-17A antibody was

studied further. The melanoma tumor from which this

clone was recovered was found to show a higher staining

with anti-human IL-17A antibody compared to that of

normal human skin (Fig. 5A). Competitive study showed a

complete blockage of clone 07-2,355 binding to the tumor

by the polyclonal IL-17A antibody; however, the same

concentration of an irrelevant antibody (poly-His tag or V5

tag) did not affect clone 07-2,355 binding (Fig. 5B).

Discussion

In vivo phage display selection methods in animal models

of cancers have successfully generated antibodies against

tumor-associated antigens. The in vivo selection strategy

involves selection against more complex targets with a

greater number of possible binding sites that can result in

recovery of important ligands and identification of unique

disease-related targets. Although a purified molecule may

have many possible binding sites and is complex from that

perspective, here we use the term ‘‘complex’’ to refer to

much larger assemblages of biological material including

cells, tissues, organs, and organisms. On complex targets,

potential binding sites include a wide array of different and

often unknown molecules. Our goal is to use phage display

to identify important cancer-related targets. Performing the

selection in vivo has the advantage of the tumor being in

the most native and intact state. Here, the tumor will be

unchanged by artificial manipulations such as disaggrega-

tion, fixation, or serial growth in vitro. In vivo, all the

cellular elements will be present such as blood vessels,

matrix molecules, supporting stroma, and immune cells. In

a tumor, all the non-malignant components may offer

potentially useful targets for therapy.

It has been very challenging and time-consuming to

achieve stepwise transfer of an in vivo selection strategy in

human cancer patients. We previously reported a preclin-

ical study [24], and based on that, we got US Federal Drug

Administration approval (# FDA BB-IND 9145) for an

initial toxicity study in human cancer patients. This clinical

toxicity study observed no phage-related adverse events

during infusion or during the 8-week follow-up period [25].

Specifically, no allergy-related reactions were observed.

This indicates that in patients with no preexisting anti-

phage antibodies, the toxicity profile is sufficiently safe to

proceed for in vivo phage panning.

In the present investigation, the tumor phage recoveries

were comparable to our earlier study [25]; however, they

were much lower in comparison with the preclinical studies

where animals were injected with a 50- to 500-time higher

dose of a phage library on body weight basis [15–20, 23].

The tumor phage recoveries in our study were also lower

than the recoveries reported in the 6 biopsied normal tis-

sues from a brain-dead human following 1 9 1014 TU

phage infusion for 15 min [39]. The lower phage recovery

in our study may be resulted from using a comparatively

lower phage dose and also from aggressive tumor washings

in an effort to remove blood phage contamination. The

results of the present study demonstrated tumor phage

enrichment as determined by clone-binding studies and

sequence analysis of tumor-homing phage. Clone binding

was assessed using a tumor sample from the same patient

that was infused with phage. In some cases, only a small

amount of tumor tissue was available, which decreased the

number of clones recovered and restricted subsequent

clone analyses. In order to use the tumor samples effi-

ciently, we sectioned the tumor into small pieces prior to

rapid freezing. This process instantly preserved the histo-

logical architecture and molecular integrity, and maxi-

mized the number of histologic specimens that could be
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prepared for binding assays. Immunohistochemical stain-

ing procedures were facilitated by mounting tumor sections

on round 12-mm cover slips. The cover slips were placed in

24-well plates for all subsequent incubation and rinsing

steps [13]. Although this process was not high throughput,

it did allow comparative binding results and sufficient

throughput for up to several hundreds of clones per case.

This technique of clone screening was successfully vali-

dated by confirming the binding results of the selected

tumor-binding phage clones by lysate ELISA.

Between cases, there was variation in the number of

clones that showed positive tumor binding. In all cases, the

majority of the clones did not show immunohistological

evidence of tumor binding. This indicates that these clones

either derived from the blood contamination of the tumor

samples or that their tumor binding was below the

detection threshold of the immunohistochemical assay.

Efforts are needed to minimize blood contamination of the

tumors before the homogenization step. It may be achieved

by introducing more stringent washes or by adopting other

strategies, including density gradient separation [40].

Nevertheless, the possibility of a non-specific tumor-hom-

ing by these phage clones cannot be ruled out. Despite the

relatively low percentage yield of tumor binders, several

high tumor-binding clones were identified for further

evaluation.

All the tumor-binding clones showed some degree of

specificity; for example, 2 of 49 tumor-binding clones did

not bind to any normal tissues and 11 of them showed

binding to only one normal human tissue in the panel. This

shows successful isolation of tumor-specific clones. There

was a higher frequency of binding to liver in comparison

C

D

E

B

A

Fig. 4 Binding of the selected tumor-specific phage-antibodies to the

patient’s own tumor and to the archived tumors from other patients.

Lysate ELISA was employed to confirm the binding of A melanoma-

specific clones 07-2,355 and 09-8,126 to the melanoma tumor from

which these clones were recovered and to normal human skin;

B colorectal tumor-specific clone 08-2,350 for binding to the

colorectal tumor from which this clone was recovered and to normal

human colon. The bars represent the arithmetic mean ± SE (n = 3)

of the experiment done in triplicate. For all the clones, the tumor

lysate bindings were significantly (p \ 0.001; Student t test) higher in

comparison with corresponding control normal tissues. Immunoflu-

orescence microscopy was used to examine the binding of melanoma-

specific clones C 07-2,355 and D 09-8,126 to archived melanoma

tumors from 8 patients. The binding was detected with anti-M13

phage-antibody followed by Alexa Fluor 488 conjugated secondary

antibody. E The colorectal tumor-specific clone 08-2,350 was

screened on archived colorectal tumors from 8 patients using anti-

M13 phage-antibody followed by Alexa Fluor 568 conjugated

secondary antibody. Scale bar length = 10 lm
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with other normal tissues. Increased binding to organs of

the reticuloendothelial system indicates that some of the

binding was likely due to the phage particle and not to the

displayed antibody [41, 42]. We could not find any data in

the literature regarding M13 phage coat protein affinity to

different human organ tissues. However, our observations

with negative controls of helper phage and unselected

random phage libraries have consistently shown higher

binding of phage particles to human liver in comparison

with other organs (unpublished data). The majority of the

soluble scFvs prepared from tumor-binding clones had the

same binding profile as when displayed by the phage

Table 4 Motif analysis of variable domains of scFv fusions in the phage clones recovered from colon cancer hepatic metastasis of patient

180-13

Amino acid sequences of CDRH2 and CDRH3 domains of heavy chains and CDRL2 and CDRL3 domains of light chains in the scFv fusions of

selected phage clones are presented. The residues sharing consensus motifs are highlighted; white letters = exactly the same amino acids, black

letters = conservative substitutions. Lower case letters in the CDRH2 sequences represent amino acids that are built-in by the library design

Fig. 5 Tumor IL 17A expression and competition of clone 07-2,355

binding with an anti-IL 17A antibody. A Immunofluorescence

detection of higher IL-17A expression in the (a) metastatic melanoma

tumor from which clone 07-2,355 was recovered; (b) no significant

IL-17A staining is seen in normal human skin. IL-17A was detected

with anti-human IL-17A antibody followed by Alexa Fluor 568

conjugated secondary antibody. Scale bar length = 10 lm. B Com-

petition of clone 07-2,355 with the mouse anti-human polyclonal IL-

17A antibody for binding to the patient’s metastatic melanoma tumor

from which this clone was recovered. Tumor binding was studied in

presence of (a) clone 07-2,355 only; (b) clone 07-2,355 ? anti-IL-

17A antibody; (c) clone 07–2,355 ? a mouse irrelevant (anti-poly

His) antibody. Clone 07-2,355 binding was localized with anti-M13

phage-antibody followed by Alexa Fluor 488 conjugated secondary

antibody. Scale bar length = 10 lm
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particle. A significantly lower liver binding by soluble

scFvs in comparison with phage-displayed scFvs further

supports our conclusion that the phage particle itself may

have some contribution in the observed higher phage-scFvs

binding to normal liver. The clones that showed high

tumor-specificity in cross-binding studies on normal human

tissues were also found to bind corresponding tumors from

other patients. These results indicate that the clones

selected from this technique may possibly find their use in

certain other cancer patients also, in addition to the patient

in whom the in vivo selection was performed.

Sequencing is a strategy that has been used to identify

phage clone enrichment during systemic panning of

organisms [43]. The recovery of multiple copies of a

number of clones and multiple motif-sharing events of

variable regions of clones in our present study support our

clone-binding data demonstrating tumor enrichment.

Sequences of multiple variable regions in the present study

showed significant matches to previously reported cancer-

related antibodies [34–38]. These are interesting findings

that suggest commonality of certain tumor antigens. It is

true that sequence homology analysis can identify the right

antigen or epitope sometimes; however, caution should be

exercised while interpreting these findings, and such data

should be regarded only as leads for further validation. One

of the clones (07-2,355) that was found to share a

12-amino-acid-long motif with a reported IL-17A antibody

was further studied. We found a higher expression of IL-

17A in the melanoma tumor from which this clone was

recovered. Elevated expressions of IL-17A have been

reported in a variety of cancers [44, 45]. A complete

blockage of clone 07-2,355 binding to the tumor by a

polyclonal IL-17A antibody indicated IL-17A as a possible

antigen target of this clone. Further work is needed to

validate this finding employing other techniques, such as

flow cytometry and co-immunoprecipitation, and to expand

the work of target identification for the other tumor-binding

clones using multiple proteomic approaches suitable for a

very small amount of tumor tissues.

These results demonstrate a successful selection of several

tumor-binding clones from the in vivo panning in cancer

patients. There are several options available to further

improve human cancer patient panning protocols by adopting

the subtraction strategies used in vitro and animal studies; for

example, negatively selecting normal tissue binding clones

with blood cells from the same patient prior to in vivo pan-

ning [6, 46]. In addition, a library can be positively selected

on the patient’s tumor in vitro, and the resulting library,

enriched with tumor binders, can be infused to the same

patient for in vivo selection [15, 47]. This in vitro selection

step can be easily performed on the tumor biopsy sample

obtained prior to the phage infusion [14]. Multiple options for

alternative phage libraries are also available. For example,

there are larger naı̈ve libraries now available than those used

in this study [26, 48, 49]. Customized libraries derived from

patients with the same disease or even derived from the same

patient are also alternative strategies for increasing the yield

of tumor-binding antibodies [50].

In conclusion, intravenous administration of phage-

antibody libraries to cancer patients resulted in enrichment

of clones recovered from the surgically excised cancer

tissue. Several tumor-binding clones were identified, and

some of them demonstrated high tumor-specificity, but

others showed some degree of binding to varying numbers

of normal tissues. The clones that showed high tumor-

specificity were found to bind corresponding tumors from

other patients also. The selected tumor-binding clones from

human panning also provide an opportunity to identify

possible tumor targets. We conclude that these outcomes

support the safety and utility of phage display library

panning in human cancer patients for ligand selection and

target discovery for cancer treatment and diagnosis.
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