B A - R

AD

Award Number: DAMD17-98-1-8189

TITLE: Identification of Novel Breast Cancer Antigens using
Phage Antibody Libraries

PRINCIPAL INVESTIGATOR: James D. Marks, M.D., Ph.D.

CONTRACTING ORGANIZATION: University of California, San Francisco
San Francisco, California 94143-0962

REPORT DATE: September 2002

TYPE OF REPORT: Final

PREPARED FOR: U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for Public Release;
Distribution Unlimited

- The views, opinions and/or findings contained in this report are
those of the author(s) and should not be construed as an official
Department of the Army position, policy or decision unless so
designated by other documentation.

20030512 027




REPORT DOCUMENTATION PAGE OV No. 740188

Public reporting burden for this coll of information is estimated to average 1 hour per responss, including the fime for g i ions, hing existing data sources, gathering and
maintaining the data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including
suggestions for reducing this burden to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Sulte 1204, Arington, VA 22202-4302, and
1o the Office of Management and Budget, Pap k Reduction Project (0704-0188}, Washington, DC 20503

1. AGENCY USE ONLY (Leave 2. REPORT DATE

3. REPORT TYPE AND DATES COVERED
blank) September 2002

Final (1 Sep 98 - 31 Aug 02)

4. TITLE AND SUBTITLE .
Identification of Novel Breast Cancer Antigens using Phage
Antibody Libraries

5. FUNDING NUMBER
DAMD17-98-1-8189

6. AUTHOR(S)

James D. Marks, M.D., Ph.D.

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

REPORT NUMBER
University of California, San Francisco

San Francisco, California 94143-0962

E-Mail: marksj@anesthesia.ucsf.edu

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING

AGENCY REPORT NUMBER
U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for Public Release; Distribution Unlimited

13. ABSTRACT (Maximum 200 Words}
The purpose of this project is to use phage antibody libraries to identify novel breast
tumor antigens. The antibodies could be used for breast cancer immunotherapy and the
antigens could be used as cancer vaccines. 1In the first year, we used a model system to
identify the factors allowing successful phage antibody library selection on tumor cell
lines. Multivalent display of phage antibodies led to more efficient selection of cell
binding antibodies, as did recovery of phage from within the cell after binding to an
internalizing cell surface receptor. The methods were used to select a panel of phage
antibodies which bound the breast tumor cell line SKBR3. Some of the antibodies bound
ErbB2, some the transferrin receptor, and one a novel antigen overexpressed on breast
tumor cells. All were efficiently endocytosed as native antibody fragments and thus
potentially useful for targeted cancer therapy. One of the ErbB2 antibodies is being
commercialized for breast cancer therapy. To widen the utility of this appreoach, a large
human phage antibody library was constructed in a true phage vector in which multiple
copies of antibody fragment are displayed on each phage. We have validated the utility of
this library and are continuing characterizing a large panel of breast tumor cell specific
antibodies under other funding. We also developed a high throughput assay which allows
rapid screening of unpurified antibody fragments for endocytosis into tumor cells.

14. SUBJECT TERMS

15. NUMBER OF PAGES
breast cancer, phage antibodies, immunotherapy, receptor mediated

86

endocytosis 16. PRICE CODE

17. SECURITY CLASSIFICATION
OF REPORT

Unclassified

18. SECURITY CLASSIFICATION
OF THIS PAGE
Unclassified

19. SECURITY CLASSIFICATION
OF ABSTRACT

Unclassified

20. LIMITATION OF ABSTRACT

Unlimited

NSN 7540-01-280-5500

Standard Form 298 (Rev. 2-89)
Prescribed by ANSI Std. Z33-18
298-102




FOREWORD

Opinions, interpretations, conclusions and recommendations are
those of the author and are not necessarily endorsed by the U.S.

Army.

Where copyrighted material is quoted, permission has been
obtained to use such material.

Where material from documents designated for limited

distribution is quoted, permission has been obtained to use the
material.

Citations of commercial organizations and trade names in this
port do not constitute an official Department of Army

endorsement or approval of the products or services of these
organizations.

In conducting research using animals, the investigator(s)
adhered to the "Guide for the Care and Use of Laboratory Animals, "
prepared by the Committee on Care and use of Laboratory Animals of
the Institute of Laboratory Resources, national Research Council
(NIH Publication No. 86-23, Revised 1985).

For the protection of human subjects, the investigator (s)
adhered to policies of applicable Federal Law 45 CFR 46.

. fIn conducting research utilizing recombinant DNA technology,

investigator(s) adhered to current guidelines promulgated by
the National Institutes of Health.

: ‘In the conduct of research utilizing recombinant DNA, the
igvestigator(s) adhered to the NIH Guidelines for Research
Involving Recombinant DNA Molecules.

In the conduct of research involving hazardous organisms, the
investigator(s) adhered to the CDC-NIH Guide for Biosafety in
Microbiological and Biomedical Laboratories.

Yo/ ”/ﬂ/mf

PI (/ signdture Date




s ow

Final report, Grant No. DAMD17-98-1-8189 _ v James D. Marks M.D., Ph.D.

Table of Contents
Section Page numbers
1. Front Cover 1
2. Standard Form 298 2
3. Foreword 3
4. Table of Contents 4
5. Introduction 5-6
6. Body of Report 6-13
7. Key Research Accomplishments ‘ 14
8. Reportable Outcomes - 14-15
9. Conclusions 15
10. References 16-17
11. Appendices (Papers published) 18

Appendix 1: Becerril et. al. Biochem. Biophys. Res. Comm., 1999

Appendix 2: Nielsen and Marks. Pharmaceutical Sciences and Trends Today, 2000
Appendix 3: Poul et. al. ]. Mol. Biol., 2000

Appendix 4: Nielsen et al. Biochim. Biophys. Acta, 2002

Appendix 5: Heitner et al. J. Immunol. Meth. 2001

Appendix 6: O'Connell et al. J. Mol. Biol. 2002

Appendix 7: Huie et al. Proc. Natl. Acad. Sci. 2001




Final report, Grant No. DAMD17-98-1-8189 James D. Marks M.D., Ph.D.

5. Introduction

A major goal of cancer research has been to identify tumor antigens which are
qualitatively or quantitatively different from normal cells (1). The presence of such antigens
could be detected by monoclonal antibodies that would form the basis of diagnostic and
prognostic tests. In addition, the antibodies could be used to selectively kill tumor cells either
directly via their effector function (2) or by attaching cytotoxic molecules to the antibody (3, 4).

Despite the demonstration of antigens which are overexpressed on tumor cells,
antibodies have been used with limited success for diagnosis and treatment of solid tumors,
(reviewed in ref. (5, 6)). Their utility has been hampered by the paucity of tumor specific
antibodies, immunogenicity, low affinity, and poor tumor penetration. For this project, we
proposed using a novel technology, termed phage display, to produce a new generation of
antibodies which would overcome the limitations of previously produced anti-tumor antibodies
(ref. 7-11). The antibodies would bind breast cancer antigens with high affinity, be entirely
human in sequence, and would penetrate tumors better than IgG.

5.1. Purpose of the present work and methods of approach

For this work, we proposed to isolate and characterize a large assortment of high affinity
human and murine antibody fragments that bound to specific breast cancer antigens and to
normal antigens that are overexpressed on cancer cells. Antibodies isolated using phage
display would be used for early sensitive diagnosis of node-negative breast cancer patients, for
immunotherapy prior to growth of large tumor mass, and as adjuvant therapy for minimal
residual disease. Human antibodies were to be isolated from a very large and diverse phage
antibody library of >6,700,000,000 different members (12). Murine antibodies would be isolated
from libraries constructed from the B-lymphocytes of mice immunized with breast tumor cell
lines. Antibodies that recognize antigens which were overexpressed or unique to breast
carcinomas would be isolated by selection on breast tumor cell lines and characterized with
respect to affinity and specificity.

The proposed technical objectives in the statement of work were:

Task 1: Create phage antibody libraries from mice immunized with malignant breast tissue
and with the tumor cell lines MDA MB231, ZR-75-1 and SKBR3 (months 1-18).

a. Immunize mice with appropriate cell line or tissue.
b. Prepare mRNA, amplify Vi and VL, genes, create scFv gene repertoires.
¢. Construct phage antibody libraries.

Task2: Create subtractive phage antibody libraries from mice immunized with malignant
breast tissue and with the tumor cell lines MDA MB231, ZR-75-1 and SKBR3 (months

1-18).
a. Immunize mice with appropriate normal cell line or tissue and deplete repertoire
with Cytoxan.

b. Immunize mice with the appropriate tumor cell line or tissue.
¢. Prepare mRNA, amplify Vi and VL, genes, create scFv gene repertoires.
d. Construct phage antibody libraries.

Task 3: Isolate and characterize scFv antibody fragments which bind novel breast tumor
antigens by selecting phage antibody libraries on malignant breast tissue, parafin
embedded malignant breast tissue and the tumor cell lines MDA MB231, ZR-75-1 and
SKBR3. (months 12-30).

a. Determine optimal conditions for selecting cell surface binding phage antibodies
using C6.5 ErbB2 binding phage antibody, an irrelevant hapten binding phage
antibody and ErbB2 expressing SK-OV-3 cells.

b. Determine optimal conditions for selecting internalizing phage antibodies using
C6.5 ErbB2 binding phage antibody and SKBR3 cells.

page (5)




2

Final report, Grant No. DAMD17-98-1-8189 James D. Marks M.D., Ph.D.

c. Select a 6.7 x 10° member human phage antibody library on malignant breast
tissue, parafin embedded malignant breast tissue and the tumor cell lines MDA
MB231, ZR-75-1 and SKBR3.

d. Select phage antibody libraries constructed in tasks 1 and 2 on malignant breast

tissue, parafin embedded malignant breast tissue and the tumor cell lines MDA
MB231, ZR-75-1 and SKBR3.

e. Determine scFv specificity on a panel of cell lines and tissues. ~

Task4: Determine the antigens recognized by tumor specific scFv using Western blotting
immunoaffinity purification, and protein sequencing. (months 24-36).

a. Create scFv affinity columns for antigen immunopurification.

b. Identify tumor specific antigens by Western blotting, immunoaffinity purification
and protein sequencing.

¢. Create subtractive tumor cell line phage cDNA library.

d. Select tumor cell phage ¢cDNA library on purified monoclonal scFv which
recognize tumor specific antigens.

6. Body of report

When we proposed and submitted this project in early 1997, it was unclear as to the
likelihood of obtaining tumor cell specific antibodies by selecting phage antibody libraries
directly on tumor cell lines. While our group was the first to report the successful selection of
cell binding antibodies from phage libraries by direct selection on erythrocytes (13), reports of
subsequent successful cell selections have been interspersed with reports of failures. Thus we
proposed using both large non-immune phage antibody libraries and libraries constructed from
mice immunized with tumor cell lines. The advantage of large non-immune phage libraries is
that they can be constructed from human variable region genes and thus yield human
antibodies, ideal for use as therapeutics. The advantage of using murine libraries is that at least
in theory the libraries can be enriched for antibodies which bind the immunizing cell line.

Since the construction of phage antibody libraries is a difficult and time consuming task,
we focused during the first year of funding on determining the factors affecting the successful
selection of cell binding phage antibodies using a model system (Task 3a and 3b). Results from
these studies indicated that: 1) phage antibodies can be endocytosed in a receptor dependent
manner; and 2) that enrichment ratios were in the range where direct selection from a library
should be possible. Factors leading to optimal selection were also identified. We then went on
to attack Tasks 1, 2, 3c-e, and 4. These results are all reported below.

6.1.  Identification of factors influencing successful selection of phage antibodies directly
on tumor cells

To determine the factors affecting the successful selection of phage antibodies on tumor
cells, we employed a model system using a previously isolated human phage antibody, C6.5.
C6.5 binds the tumor antigen ErbB2 with a K4 = 1.6 x 108 M and is a stable monomeric single
chain Fv antibody fragment (scFv) in solution with no tendency to spontaneously dimerize or
aggregate (14). To determine the impact of affinity on successful cell selections, we studied a
phage antibody (C6ML3-9) which differs from C6.5 by 3 amino acids (15). C6ML3-9 binds the
same epitope as C6.5 but with a 16 fold lower K4 (1.0 x 102 M) (14). To examine the affect of
avidity on efficiency of cell selections, we also studied the dimeric C6.5 diabody (16). Diabodies
are scFv dimers where each chain consists of heavy (Vi) and light (VL) chain variable domains
connected using a peptide linker which is too short to permit pairing between domains on the
same chain. Consequently, pairing occurs between complementary domains of two different
chains, creating a stable noncovalent dimer with two binding sites (17). The C6.5 diabody was
constructed by shortening the peptide linker between the Ig Vi and Vi, domains from 15 to 5
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amino acids and binds ErbB2 on SKBR3 cells bivalently with a Kq approximately 40 fold lower
than C6.5 (4.0 x 10-10 M) (16).

For determination of the efficiency of cell selections, the C6.5 and C6ML3-9 scFv and
C6.5 diabody genes were subcloned for expression as plII fusions in the phagemid pHEN-1 (10).
This should yield phagemid predominantly expressing a single scFv or diabody-pIII fusion
after rescue with helper phage (see figure 2 in Becerril et al., appendix 1). Diabody phagemid
display a bivalent antibody fragment resulting from intermolecular pairing of one scFv-plll
fusion molecule and one native scFv molecule. The C6.5 scFv gene was also subcloned into the
phage vector fd-Sfi/Not. This results in phage with 3 to 5 copies each of scFv-plII fusion
protein (see figure 2 in Becerril et al., appendix 1). The human breast cancer cell line SKBR3 was

used as a target cell line for cell binding. Its surface ErbB2 density is approximately 1.0 x 106
per cell.

First, binding of the different phage antibodies to ErbB2 expressing SKBR3 cells was
determined by titering phage eluted from the cell surface. After washing with phosphate
buffered saline (PBS), surface bound phage were eluted from the cell surface by sequential
washes with pH 2.8 glycine buffer. The titer of anti-ErbB2 eluted phage was compared to the
titer of an irrelevant anti-botulinum antibody (Tables 1 and 2, Becerril et al., appendix 1). After
elution with glycine, enrichment ratios (specific phage titer/irrelevant phage titer) were only 2
fold for the C6.5 phage and only 8.9 fold for the 1 nM K, C6ML3-9 phage antibody. These
meager enrichment ratios could be increased slightly by sequential elutions with pH 2.8 glycine,
such that after three elutions the enrichment ratios increased to 2.7 and 11.4 respectively (Table
2, Becerril et al., appendix 1). These enrichment ratios are probably too low to allow successful
selection of rare binders from a library. The efficiency of selection could be increased
significantly to 8 fold after 1 glycine elution and 20 fold for the third glycine elution for the
multivalent C6.5 phage. This ratio is more compatible with successful selection. Enrichment
ratios could be increased further, by lysing the cells after three glycine washes, leading to
recovery of ‘intracellular’ phage (Table 2, Becerril et al., appendix 1). We assume the phage
recovered after cell lysis were “intracellular’, since the titer increased 7 to 40 fold from the third
glycine wash. Titers were highest for antibody formats capable of dimerizing the receptor
(diabody and phage), with enrichment ratios of 30 to 146 fold (Table 2, Becerril et al., appendix
1). Such enrichment ratios are very likely to lead to successful selection from a library.

; To confirm that phage were endocytosed, immunofluorescent microscopy was
performed using the phage antibodies after stripping the cell surface with pH 2.8 glycine (figure
3, Becerril et al., appendix 1). The results confirmed that phage bearing an antibody to an
internalizing cell surface receptor can be endocytosed and that the endocytosis was most
efficient for dimeric (diabody) or multimeric (phage) formats capable of crosslinking the
receptor (figure 3, Becerril et al., appendix 1).

To reduce the background of non-specific phage recovery, we studied the effect of
trypsinizing the cells prior to cell lysis. This should remove phage trapped in the extracellular
matrix. Trypsinization also dissociates the cells from the cell culture flask, permitting transfer
to a new vessel and elimination of any phage bound to the cell culture flask. We found that
trypsinization resulted in a 60 fold reduction in non-specific binding with only a minor
reduction in the amount of specific phage recovery (figure 4, Becerril et al., appendix 1).

Only very large phage antibody libraries containing more than 5.0 x 10° members are
capable of generating panels of high affinity antibodies to all antigens (12, 18). Since phage can

only be concentrated to approximately 1013 cfu/ml, a typical phage preparation from a large

library will only contain 104 copies of each member. Thus selection of libraries for cell binding
or endocytosis could only work if phage can be recovered when applied to cells at titers as low

as 104, We therefore determined the recovery of infectious phage from within SKBR3 cells as a
function of the phage titer applied. Phage recovery increased with increasing phage titer for all
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phage studied (figure 6, Becerril et al., appendix 1)). For monovalently displayed antibodies,
phagemid could not be recovered from within the cell at input titers less than 3.0 x 105 (C6.5
scFv) to 3.0 x 106 (C6ML3-9 scFv) This threshold decreased for bivalent and multivalent display
(3.0 x 104 for C6.5 diabody phagemid and C6.5 scFv phage).

Similar results for cell binding were observed when using SK-OV-3 cells, however titers
of endocytosed phage were significantly lower compared to SKBR3 cells, presumably due to
alternate splicing of the ErbB2 receptor which results in decreased endocytic capacity.

The results demonstrate that phage displaying an anti-receptor antibody can be
specifically endocytosed by receptor expressing cells and can be recovered from the cytosol in
infectious form. The results demonstrate the teasibility of directly selecting cell binding and
internalizing antibodies from large non-immune phage libraries and identify the factors that
will lead to successful selections. When monovalent scFv antibody fragments were displayed
monovalently in a phagemid system, recovery of cell surface bound phage was only 2 to 9 fold
above background. This ratio is too low to allow successful selection. Even when phage was
recovered after endocytosis. Enrichment ratios were only 3.5 to 18 fold above background.
Display of bivalent diabody or multivalent display of scFv in a phage vector increased recovery
of internalized phage to 30 to 146 fold above background. This result is consistent with our
studies of native monomeric C6.5 scFv and dimeric C6.5 diabody as well as studies of other
monoclonal anti-ErbB2 antibodies where dimeric IgG but not monomeric Fab dimerize and
activate the receptor and undergo endocytosis (19, 20). In fact it is likely that endocytosis of
C6.5 and C6ML3-9 scFv phagemids reflect the small percentage of phage displaying two or
more scFv. The importance of valency in mediating either high avidity binding or receptor
crosslinking and subsequent endocytosis is confirmed by the only other report demonstrating
specific phage endocytosis. Phage displaying approximately 300 copies of a high affinity Arg-
Gly-Asp integrin binding peptide on pVIII were efficiently endocytosed by mammalian cells
(21). Recovery of phage after endocytosis also increases the specificity of cell selections
compared to recovery of phage from the cell surface. Thus enrichment ratios for specific vs
non-specific surface binding range from 2 to 20 fold. These values are comparable to the
approximately 10 fold enrichment reported by others for a single round of cell surface selection

(22,23). In contrast our enrichment ratios for specific vs non-specific endocytosis range from 3.5
to 146 fold.

Significance: Based on these results, selection of cell binding or internalizing antibodies from
phage antibody libraries would be most successful with either homodimeric diabodies in a
phagemid vector or multivalent scFv using a phage vector Multivalent libraries would present
the antibody fragment in the form most likely to crosslink receptor and undergo endocytosis.
Antibodies from such libraries would need to be bivalent to mediate endocytosis. Alternatively,
monomeric receptor ligands can activate receptors and undergo endocytosis, either by causing a
conformational change in the receptor favoring the dimeric form or by simultaneously bindin
two receptors. Monomeric scFv that bound receptor in a similar manner could also be
endocytosed. Thus selection of libraries of monovalent scFv in a phagemid vector could result
in the selection of ligand mimetics that activate receptors and are endocytosed as monomers.
Such scFv could be especially useful for the construction of fusion molecules for the delivery of
drugs, toxins or DNA into the cytoplasm. Since antibodies which mediate receptor
internalization can cause receptor down regulation and growth inhibition (20, 23-26), selection
for endocytosable antibodies may also identify antibodies which directly inhibit or modulate
cell growth. These results are all described in detail in Becerril et al, ref. 27.

6.2  Selection and characterization of cell binding and internalizing antibodies from a
phage antibody library (Tasks 3c-e and 4)

A non-immune phagemid antibody library was utilized to identify new phage
antibodies that were bound and were internalized into SKBR3 cells (Task 3c). A selection
strategy illustrated in Nielsen & Marks, ref 28 and figure 4, appendix 2 was utilized. After 3
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rounds of selection, 40% of randomly picked clones bound SKBR3 cells and of these, 50% bound
ErbB2 by ELISA (Table 2, Poul et. al. Ref 29 and appendix 3). This is not surprising, given that
SKBR3 cells express very high levels of ErbB2. DNA fingerprinting indicated that 2 unique
antibodies (F5 and C1) binding ErbB2 were obtained. These stained ErbB2 expressing cell lines
comparably to other ErbB2 antibodies and in proportion to the cell lines known level of ErbB2
expression (Table 3, Poul et. al., appendix 3 and ref. 29). Many additional antibodies were
obtained that did not bind ErbB2 and that preferentially bound tumor cell lines but not normal
cell lines (Table 3, Poul et. al., appendix 3). One of these antibodies which stained a number of
tumor cell lines (H7) was studied further. The H7 gene was subcloned into a secretion vector
and native hexahistidine tagged scFv was purified and used to immunoprecipitate the antigen it
recognized from an SKBR3 cell lysate. After excision from a gel and protein sequencing, the
antigen recognized by H7 was determined to be the transferrin receptor. F5 stained ErbB2 in
Western blot (figure 2, Poul et. al., appendix 3), and both F5 and H7 could immunoprecipitate
their respective antigens from SKBR3 cell lysates (figure 2, Poul et. al., appendix 3). As either
phage antibodies or native monomeric scFv antibody fragment, both F5 and H7 were efficiently
endocytosed by SKBR3 cells (figure 3 and 4, Poul et. al., appendix 3). In the case of H7 (but not
F5) endocytosis served as a surrogate marker for growth inhibition, with H7 exhibiting dose
dependent inhibition of the growth of SKBR3 cells (figure 5, Poul et. al.,, appendix 3). H7
competed with holotransferrin for binding to the transferrin receptor, explaining probably both
the mechanism of growth inhibition and the mechanism by which it was able to induce receptor
mediated endocytosis of the transferrin receptor (figure 6, Poul et. al., appendix 3).

Additional antibodies from the phagemid library selected on SKBR3 cells have been
characterized with respect to tumor cell specificity and antigen recognized. We have extensively
characterized an additional phage antibody obtained from selections on SKBR3 cells that has an
interesting pattern of immunoreactivity. The antigen identification process developed was as
proposed for Task 4. The antibody, S5, stains the tumor cell lines SKBR3 and MCF7 intensely by
flow cytometry, stains the transformed cell lines MCF10A less intensely, and only slightly stains
the tumor cell lines MDA231 (figure 1, page 10). To identify the antigen recognized by the scFv,
we subcloned the scFv gene into a vector which fuses a C-terminal hexahistidine tag for
purification. ScFv was expressed, harvested from the bacterial periplasm and purified by
immobilized metal affinity chromatography as previously described. Staining of the
appropriate cell lines by the native scFv was confirmed by flow cytometry. A number of
techniques were explored to determine the optimal means of antigen identification by
immunoprecipitation. To verify that immunoprecipitated antigen was indeed from the cell
surface, we lightly biotinylated the surface of SKBR3 cells with NHSS biotin. This allows
precise visualization of immunoprecipitated proteins by SDS-PAGE followed by Western
blotting and detection with streptavidin-HRP. Two techniques were explored for
immunoprecipitation: 1) immunoprecipitation using Ni-NTA agarose, which takes advantage
of the universal hexahistidine tag on the scFv; and 2) immunoprecipitation with Protein A. This
particular scFv is derived from the human VH3 family and thus binds Protein A. After
biotinylation of the cell surface, antigen was immunoprecipitated from SKBR3 cell lysates, run
on a SDS-PAGE gel and Western blotted with antigen detection using streptavidin-HRP. After
immunoprecipitation with Protein A, a single dominant band was seen on Western blot (figure
2, page 10). When the corresponding acrylamide gel was visualized with Comassie blue, a
single band was also visualized in the area stained in Western blot (data not shown). This band
was excised and sent for liquid chromatography and tandem mass spectrometry. After
immunoprecipitation with Ni-NTA agarose, several bands were visualized on Western blot
(figure 2, page 10), one of these was of the same apparent molecular mass as the band
immunoprecipiated using Protein A. In contrast to immunoprecipitation with Protein A, many
bands were visualized when the corresponding acrylamide gel was visualized with Comassie
blue. The large number of bands present precluded excision of the band for sequencing.
Multiple conditions were explored to reduce the number of proteins immunoprecipitated by
Ni-NTA, but none were found that gave reduced the number of proteins immunoprecipiated.
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Based on SDS-PAGE and Western blotting to identify surface proteins, it appears that the
majority of these additional bands represent intracellular proteins that have histidines in the
proper orientation to bind Ni-NTA.

Immunoprecipitated antigen was identified by tryptic fragmentation of the excised
protein, followed by liquid chromatography to separate peptides and tandem mass
spectrometry to identify peptide sequence. 10 of 11 peptides matched to the protein encoded by
the kiaa gene, with the sequences spanning the protein sequence (figure 2, page 10) (30). The
protein contains a putative cell attachment sequence (RGD), a transmembrane domain, and 6 Ig
like domains (http:// www.kazusa.orjp/huge/). Probing of the SAGE database indicates that
the gene is most highly expressed in 3 breast and 2 ovary cell lines. The function of this gene
product is unknown, but it interacts with CD9 and other tetraspanins and may be involved in
cell migration/metastasis (31). To verify that the scFv actually recognized the kiaal436 gene
product, CHO cell transfected with the gene were obtained from Charrin (31). The S5 scFv
stained kiaal436 transfected cells but did not stain untransfected CHO cells (figure 3, page 11).

The results demonstrate that tumor specific phage antibodies can be directly selected
from phage libraries by panning on tumor cell lines and recovering phage which have triggered
receptor mediated endocytosis from within the cytosol. Such antibodies are efficiently
endocytosed by the target cell line, both as phage antibodies and as native scFv antibody
fragments. As such, these antibodies are likely to be ideal for delivery of drugs or genes into the
cytosol for therapeutic application. For example, during the current year, we have developed
the F5 ErbB2 scFv as a targeting antibody for doxorubicin containing immunoliposomes (IL).
F5 was developed under funding from DAMD, and preclinical work on IL funded largely by
our Breast Cancer SPORE. F5 ErbB2 scFv have been inserted into liposomes containing
doxorubicin to create IL. In preclinical models, F5-IL cause a significantly greater reduction in
tumor growth than untargeted IL (see Nielsen et al, appendix 4 and ref. 32). Based on extensive
preclinical results, F5 scFv expression was scaled at the NCI-MARP for GMP manufacture for a
phase 1 clinical trial. Within the last month, F5 scFv and F5-IL, have been inlicensed by Alza-
Johnson and Johnson to complete preclincal work and initiate a phase 1 clinical trial estimated
to begin April 2003.

In some instances (as with H7), endocytosis can be used as a surrogate marker for direct
desirable biologic effects exhibited by the antibody, in this case growth inhibition

Significance: We have developed methodology and protocols which allows direct selection of
tumor specific antibodies from a phage library on the basis of their ability to trigger receptor
mediated endocytosis. We have used this approach to generate internalizing antibodies to
ErbB2 and have developed a therapeutic drug (ErbB2 immunoliposomes) based on one of these
antibodies that is being manufactured at the NCI MARP and which will enter clinical trials.
There is no more stringent validation of the quality of an antibody. The approach appears
applicable to other tumor cell lines and generates antibodies to known and novel tumor
antigens. A subset of the internalizing antibodies will have direct tumor cell inhibitory effects,
validating that internalization can be used as a surrogate marker of growth inhibition, and
probably apoptosis.

6.3  The selection approach is general and applicable to other cell lines

To show general applicability of this approach, and to generate Abs to the EGF receptor,
we performed similar selections on A431 cells which overexpress EGFR and also on Chinese
Hamster Ovary cells which overexpress EGFR. For both selections, 2 scFv Abs were obtained
which bound EGFR expressing cells but did not bind cell lines which did not express EGFR (33).
Representative results are shown in the figures in Heitner et al. , appendix 5 and ref. 33. While
we have not yet determined whether these scFv have any direct cytotoxic effects, the results
illustrate that this selection methodology can be applied to other tumor cell lines.

64  Generation of a non-immune phage antibody library in a true phage vector
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Our results above indicate that cell surface selections are most efficient (give the highest
enrichment ratios) when the scFv antibody fragment is displayed in multiple copies on the
surface of bacteriophage. This occurs when the phage antibody library is constructed in a true
phage vector containing all of the phage genome. To date, all non-immune and most immune
phage antibody libraries have been constructed in phagemid vectors. The remainder of the
phage genes and proteins are provided by infecting E. coli harboring the phagemid antibody
with a helper phage. Since the helper phage provides wild type plll, the majority of phage
antibodies have only a single copy of scPv-plIIl fusion protein, with the remaining 4 copies of
pIII being wild type. Libraries to date have been constructed in phagemid vectors for two
reasons: 1) the transformation efficiencies are much higher, making it easier to construct large
libraries; and 2) the concern that multivalent display may lead to selection of lower affinity
phage antibodies due to avidity.

Our data indicates that even with very high affinity (1 nM) antigen binding, cell surface
selection results in very low enrichment ratios, even when binding an internalizing receptor and
recovering phage from within the cell. Thus construction of immune phagemid libraries (as
proposed in tasks 1 and 2) did not make sense. Rather we chose to construct true phage
libraries, as a new task to replace tasks 1 and 2. Given the technical difficulties in generating
large phage libraries from c¢DNA, to validate the utility of phage libraries for generating
antibodies binding cell surface antigens, we elected to construct a true phage antibody library
by subcloning the scFv gene repertoire from our existing phagemid library (ref. 12) into a phage
vector into which we have engineered compatible cloning sites for the scFv gene repertoire (fd-
TET/Sfi-Not). This allows preparation of large quantities of phagemid vector harboring the
scFv gene repertoire from which the scFv gene repertoire can be excised as Sfi-Not restriction
enzyme fragments. fd-TET/Sfi-Not vector DNA was prepared by digestion with the same two
restriction enzymes and the scFv gene repertoire ligated into vector DNA. After multiple
transformations (> 50) a library containing 5.0 x 10° transformants was obtained. PCR screening
of 20 randomly selected colonies indicated that 100% had a scFv sized insert and fingerprinting
indicated that the library was diverse. In the current year, we characterized this library with
respect to its ability to generate antigen specific antibodies and compared the number of
antibodies and their binding constants with those obtained from our phagemid library. We
have demonstrated that compared to phagemid libraries, true phage libraries generate a greater
number of unique antibodies per target antigen (O'Connell et al, Tables 1 and 2, appendix 6 and
ref. 34). We also demonstrated that the true phage library can be successfully selected on cells
(fetal erythrocytes) to generate antibodies with exquisite specificity (see Huie et al. Ref 35 and
appendix 7). We have selected this library on the breast tumor cell lines MCF7 and BT474 and

are currently in the process of characterizing antibodies from these selections under funding
from the UCSF Breast Cancer SPORE.

6.5  Generation of a high throughput assay for cell binding and endocytosis

One factor limiting our ability to identify recombinant phage antibodies which bind and
internalize into tumor cells is a high throughput assay for cell binding and endocytosis. While
we have used cell ELISA, it has a high background and only reports cell binding, not
endocytosis. As we have been working with liposomes, a means occurred to us to generate a
high throughput assay for endocytosis. Our scFv can easily be engineered to have a C-terminal
hexahistidine tag. This can be achieved by batch subcloning the output scFv gene repertoire
after each round of selection. We have been able to construct liposomes containing a
fluorescent reporter dye and having on their surface Ni-NTA which has been inserted into the
lipid coat of the liposome. We hypothesize that such liposomes should be able to chelate the
hexahistidine tagged scFv (directly from the bacterial supernatant without the need for
purification). If the scFv binds an internalizing epitope, the fluorescent liposome will enter the
cell. ScFv and liposomes remaining on the cell surface can easily be removed by washing with
EDTA. Cells are then lysed and if the scFv binds an internalizing epitope, a fluorescent signal
will occur. Using Ni-NTA liposomes and the internalizing and non-internalizing scFv we have
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generated to date, we have validated this assay and determined its sensitivity. The assay is
sensitive down to an scFv concentration of approximately lug/ml, a concentration easily
obtainable from bacterial supernatants. The assay also is only positive when the scFv is
internalizing (for example F5 scFv). We will utilize this assay to screen the selection results to

identify additional internalizing antibodies under funding from the UCSF Breast Cancer
SPORE.




*

Final report, Grant No. DAMD17-98-1-8189 James D. Marks M.D., Ph.D.

MCF10A MCF7 SKBR3 MDA231

Counts

0% 10! 10% 10
FL2-Height

10" 10° 10° 10*
FL2-Height

109

B B
g 5
& ‘. i s 44

1 340 10° 10" 10% 10° 10* 109 10! 102 10° 104
FL2-Height FL2-Height

Figure 1. Staining of tumor cell lines MCF7, SKBR3, and MDA231 and transformed cell line MCF10A by the
phage antibody S5. Phage binding was detected using anti-M13 antibody.
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Figure 2. Western blot of proteins immunoprecipitated by the phage antibody S5 and identification by LC-
tandem mass spectrometry. Left panel: SKBR3 cell surface proteins were biotinylated by incubation with NHSS
biotin. Cells were then lysed and incuabted with S5 scFv. ScFv bound antigens were then immunoprecipitated
by incubation with either Ni_TA agarose, lane B or Protein A, lane C. After washing, beads were loaded into
the lanes of an polacrylamide gel, electrphoresed, transferred to nitrocellulose by blotting, and surface proteins
detected by streptaviding-HRP. Lane A = control using Protein A immunoprecipitation without scFv. Right
panel. Peptides sequenced by :C-tandem mass spec were used to screen the NCBI sequence database. 10 of 11

peptides matched portions for the KIAA1436 gene (AB037857), spanning the majority of the protein sequence
(blue boxes=peptides.
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Figure 3. Flow cytometry analysis of S5 phage antibody binding to CHO cell transfected with the kiaa1436
gene and untransfected CHO cells (Control).

7. Key research accomplishments

* Identification of optimal phage antibody format for selection of phage antibodies on tumor
cells

* Demonstration that phage antibodies binding cell surface receptors can trigger receptor
mediated endocytosis

* Identification of optimal phage antibody format for selection of internalizing phage
antibodies on tumor cells

* Successful selection of tumor specific phage antibodies from a non-immune phage antibody
library, including ErbB2, transferrin receptor and the kiaa gene product

* Successful validation of the ErbB2 scFv F5 in preclinical models as capable of delivering
immunoliposomes containing doxorubicin to tumors, with therapeutic effect

* Transfer of scFv F5-IL to a corporate partner (Alza-Johnson and Johnson) for completion of
preclinical work and clinical trials

* Construction of a large non-immune phage antibody library in a true phage vector

* Validation of phage library as a source of scFv antibodies for purified antigens and cell
surface receptors

8. Reportable outcomes

8.1 Nielsen, U.B. and Marks, ].D. Internalizing antibodies and targeted cancer therapy: direct
selection from phage libraries. Pharmaceutical Sciences and Trends Today. 3: 282-291, 2000.

8.2 Poul, M.-A., Becerril, B., Nielsen, U.B., Morisson, P., and Marks, ].D. Selection of tumor-

specific internalizing human antibodies from phage libraries. J. Mol. Biol. 301: 1149-1161,
2000.

8.3 Heitner, T., Moor, A., Garrison, J. L., Hasan, T., and Marks, J. D. (2001) J. immunol. Meth.
Selection of cell binding and internalzing epidermal growth factor receptor antibodies from
a phage display library. 248, 17-30.

8.4 Nielsen, U.B., Kirpaﬁnf D.B., Pickering, E.M., Hong, K., Park, J.W., Shalaby, R., Shao, Y.,
Benz, C.C., and Marks, ].D. Biophys. Biochim. Acta. In press

8.5 O'Connell, D., Becerrill, B., Roy-Burman, A., Daws, M., and Marks, J.D. Comparison of

phage vs phagemid libraries for generation of human monoclonal antibodies.]. Mol. Biol. In
press.
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Huie, M. A., Cheung, M.-C., Muench, M. O., Becerril, B., Kan, Y. W., and Marks, J. D. (2001)
Proc. Natl. Acad. Sci. (USA) Antibodies to human ftal erythroid cells from a non-immune
phage antibody library. 98, 2682-2687.

Conclusions

We have identified conditions which allow successful selection of cell binding and
internalizing phage antibodies by panning phage libraries directly on cells (Tasks 3a and
3b).

We have demonstrated successful selection of tumor specific antibodies by panning a non-
immune phage antibody library on the SKBR3 tumor cell line (Task 3c).

During the current year, we characterized additional internalizing phage antibodies from
this selection with respect to specificity and antigen recognized. We also developed a novel
method for antigen identification using phage antibodies to immunoprecipitate
biotinylated surface antigens followed ny LC-tandem MS.

We have constructed and characterized true multivalent phage libraries as leading to more
efficient selection of antigen and cell binding and internalizing antibodies.

We developed a high throughput assay to identify cell binding and internalizing antibodies
after selection. ,
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- Antibodies which bind cell surface receptors in a
manner whereby they are endocytosed are useful mol-
ecules for the delivery of drugs, toxins, or DNA into the
cytosol of mammalian cells for therapeutic applica-
tions. Traditionally, internalizing antibodies have
been identified by screening hybridomas. For this
work, we studied a human scFv {C8.5) which binds
ErbB2 to determine the feasibility of directly selecting
internalizing antibodies from phage libraries and to
identify the most efficient display format. Using wild-
type C86.5 scFv displayed monovalently on a phagemid,
we demonstrate that anti-ErbB2 phage antibodies can
undergo recepior-mediated endocytosis. Using affin-
ity mutants and dimeric diabodies of C6.5 displayed as
either single copies on a phagemid or multiple copies
on phage, we define the role of affinity, valency, and
display format on phage endocytosis and identify the
factors that lead to the greatest enrichment for inter-
nalization. Phage displaying bivalent diabodies or
multiple copies of scFv were more efficiently endocy-
tosed than phage displaying monomeric scFv and re-
covery of infectious phage was increased by preincu-
bation of cells with chloroquine. Measurement of
phage recovery from within the cytosol as a function
of applied phage titer indicates that it is possible to
select for endocytosable antibodies, even at the low
concentrations that would exist for a single phage an-
tibody member in a library of 10°. © 1999 Academic Press

Key Words: endocytosis; ErbB2; gene therapy; phage
display; single-chain Fv antibodies; targeted gene
delivery.

Growth factor receptors are frequently overex-
pressed in human carcinomas and other diseases and
thus have been utilized for the development of targeted
therapeutics. The HER2/neu gene, for example, is am-
plified in several types of human adenocarcinomas,
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especially in tumors of the breast and the ovary (1)
leading to the overexpression of the corresponding
growth factor receptor ErbB2. Targeting of ErbB2
overexpressing cells has been accomplished primarily
using anti-ErbB2 antibodies in different formats, in-
cluding conjugation to liposomes containing chemo-
therapeutics (2), fusion to DNA carrier proteins deliv-
ering a toxic gene (3), and direct fusion to a toxin (4).
For many of these targeted approaches, it is necessary
to deliver the effector molecule across the cell mem-
brane and into the cytosol. This can be accomplished by
taking advantage of normal growth factor receptor bi-
ology; growth factor binding causes receptor activation
via homo- or heterodimerization, either directly for
bivalent ligand or by causing a conformational change
in the receptor for monovalent ligand, and receptor
mediated endocytosis (5). Antibodies can mimic this
process, stimulate endocytosis, become internalized
and deliver their payload into the cytosol. In general,
this requires a bivalent antibody capable of mediating
receptor dimerization (6, 7). In addition, the efficiency
with which antibodies mediate internalization differs
significantly depending on the epitope recognized (7,
8). Thus for some applications, such as liposomal tar-
geting, only antibodies which bind specific epitopes are
rapidly internalized and yield a functional targeting
vehicle.

Currently, antibodies which mediate internalization
are identified by screening hybridomas. Alternatively,
it might be possible to directly select internalizing an-
tibodies from large non-immune phage libraries (9, 10)
by recovering infectious phage particles from within
cells after receptor mediated endocytosis, as reported
for peptide phage libraries (11, 12). Unlike the multi-
valently displayed peptide phage libraries, however,
phage antibody libraries typically display monomerie
single chain Fv (scFv) or Fab antibody fragments fused
to plIlII as single copies on the phage surface using a
phagemid system (9, 10). We hypothesized that such
monovalent display was unlikely {o lead to efficient
receptor crosslinking and phage internalization. To de-
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FIG.1. Internalization of soluble C6.5 scFv and diabody. SKBRS3 cells grown on cover slips were incubated with (A) anti-botulinum scFy
(B) C6.5 scFv or (C) C6.5 diabody for 2 h at 37°C. Coverslips were washed with PBS and stripping buffer, cells were fixed and permeabilized
and intracellular antibodies were detected by confocal microscopy using the anti-myc antibody 9E10, anti-mouse biotinylated antibody and

streptavidin Texas-Red.

termine the feasibility of selecting internalizing anti-
bodies and to identify the most efficient display format,
we studied a human scFv (C6.5) which binds ErbB2
(13). Using wild type C6.5 scFv, we demonstrate that
anti-ErbB2 phage antibodies can undergo receptor me-
diated endocytosis. Using affinity mutants and dimeric
diabodies of C6.5 displayed as either single or multiple
copies on the phage surface, we define the role of affin-
ity, valency, and display format on phage endocytosis
and identify the factors that lead to the greatest en-
richment for internalization. The results indicate that
it is possible to select for endocytosable antibodies,
even at the low concentrations that would exist for a
single phage antibody member in a library of 10°
members.

MATERIAL AND METHODS

Cells. The SKBR3 breast tumor cell line was obtained from
ATCC and grown in RPMI media supplemented with 10% FCS
(Hyclone) in 5% CO, at 37°C.

Antibodies and antibody phage preparations. The C6.5 scFv
phage vector was constructed by subcloning the C6.5 gene as a
- SfiliNotI fragment from scFv C6.5 pHEN1 (13) into the phage vector
fd/Sfi/NotI (a gift of Andrew Griffiths, MRC Cambridge, UK). The
C6.5 diabody phagemid vector was constructed by subcloning the
C6.5 diabody gene (14) as a Neol/Noi1 fragment into pHEN1 (15).
The anti-botulinum scFv phagemid (clone 3D12) (18) C6.5 scFv
phagemid (13) and scFv C6ML3-9 scFv phagemid (17) in pHEN1
have been previously described. Phage were prepared (18) from the
appropriate vectors and titered on E. coli TG1 as previously de-
scribed (9) using ampicillin (100 pg/ml) resistance for titration of
constructs in pHEN1 and tetracyline (50 ug/ml) for titration of con-
structs in fd. Soluble C6.5 scFv, C6.5 diabody and anti-botulinum
scFv were expressed from the vector pUC119mycHis (13) and puri-
fied by immobilized metal affinity chromatography as described else-
where (13).

Detection of internalized native antibody fragments and phage
antibodies. SKBR3 cells were grown on coverslips in 8-well culture

plates (Falcon) to 50% of confluency. Culture medium was renewed
2 h prior to the addition of 5 X 10" efu/ml of phage preparation (the
phage preparation representing a maximum of 1/10 of the culture
medium volume) or 20 pug/m! of purified seFv or diabody in phosphate
buffered saline, pH 7.4 (PBS). After 2 b of incubation at 37°C, the
wells were quickly washed 6 times with ice cold PBS and 3 times for
10 min each with 4 mL of stripping buffer (56 mM glycine pH 2.8, 0.5
M NaCl, 2M urea, 2% polyvinylpyrrolidone) at RT. After 2 additional
PBS washes, the cells were fixed in 4% paraformaldehyde (10 min at
RT), washed with PBS, permesbilized with acetone at —20°C (80 s}
and washed again with PBS. The coverslips were saturated with
PBS-1% BSA (20 min. at RT). Phage particles were detected with
biotinylated anti-M13 immunoglobulins (5 Prime-3 Prime, Inc, di-
luted 300 times) (45 min at RT) and Texas red-conjugated strepta-
vidin (Amersham, diluted 300 times) (20 min. at RT). Soluble scFv
and diabodies containing a C-terminal myc peptide tag were detected
with the mouse mAb 9E10 (Santa Cruz Biotech, diluted 100 times)
{45 min. at RT), anti-mouse biotinylated immunoglobulins (Amer-
sham, diluted 100 times) and Texas red-conjugated streptavidin.
Optical confocal sections were taken using a Bio-Rad MRC 1024
scanning laser confocal microscope. Alternatively, slides were ana-
lyzed with a Zeiss Axioskop UV fluorescent microscope.

Recovery and titration of cell surface bound or internalized phage.
Subconfluent SKBR3 cells were grown in 6-well plates. Culture
medium was renewed 2 h prior to the experiment. Cells were incu-
bated for varying times with different concentrations of phage prep-
aration at 37°C (specific details for each experiment are provided in
the table or figure legends). Following PBS and stripping buffer
washes, performed exactly as described above for detection of inter-
nalized native antibody fragments and phage antibodies, the cells
were washed again twice with PBS and lysed with 1 mL of 100 mM
triethylamine (TEA). The stripping buffer washes and the TEA ly-
sate were neutralized with 1/2 volume of Tris-HCl 1M, pH 7.4. For
some experiments (see figure legends for specifics), cells were
trypsinized after the three stripping buffer washes, collected in a
15-ml Faleon tube, washed twice with PBS and then lysed with TEA.
In experiments performed in the presence of chloroquine, SKBR3
cells were preincubated for 2 h in the presence of complete medium
containing 50 uM chioroquine prior to the addition of phage. Corre-
sponding control samples in the absence of chloroquine were pre-
pared at the same time. For all experiments, phage were titered on
E. coli TG1 as described shove.
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FIG.2. Antibody phage display. Cartoon of phage displaying (A)
a single scFv (B) a single diabody or (C) multiple scFv. scFv, single
chain Fv antibody fragment; Vy, Ig heavy chain variable domain; Vi,
Ig light chain variable domain; pIIl, phage minor coat protein pIII;
Ag, antigen bound by scFv.

RESULTS

1. The Model System Utilized to Study Phage
Antibody Internalization

The human anti-ErbB2 scFv C6.5 was obtained by
selecting a human scFv phage antibody library on re-
combinant ErbB2 extracellular domain (13). C8.5 scFv
binds ErbB2 with a K; = 1.6 X 10® M and is a stable
monomeric scFv in solution with no tendency to spon-
taneously dimerize or aggregate (13). To determine the
impact of affinity on internalization, we studied a scFv
(C6ML3-9) which differs from C6.5 by 3 amino acids
(17). C6ML3-9 scFv is also a stable monomer in solu-
tion and binds the same epitope as C6.5 scFv but with
a 16-fold lower K, (1.0 X 10~° M) (17, 19). Since recep-
tor homodimerization appears to typically be requisite
for antibody internalization we also studied the
dimeric C8.5 diabody (14). Diabodies are scFv dimers
where each chain consists of heavy (Vy) and light (V,)
chain variable domains connected using a peptide
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linker which is too short to permit pairing between
domains on the same chain. Consequently, pairing oc-
curs between complementary domains of two different
chains, creating a stable noncovalent dimer with two
binding sites (20). The C6.5 diabody was constructed
by shortening the peptide linker between the Ig Vy and
V., domains from 15 to 5 amino acids and binds ErbB2
on SKBR3 cells bivalently with a K, approximately
40-fold lower than C86.5 (4.0 X 107* M) (14).

Native C6.5 scFv and C6.5 diabody was expressed
and purified from E. coli and analyzed for endocytosis
into ErbB2 expressing SKBR3 breast tumor cells by
immunofluorescent confocal microscopy. As expected,
monomeric C6.5 scFv is not significantly internalized
whereas the dimeric C6.5 diabody can be detected in
the cytoplasm of all cells visualized (Fig. 1).

For subsequent experiments, the C6.5 and C6ML3-9
scFv and C6.5 diabody genes were subcloned for ex-
pression as pllII fusions in the phagemid pHEN-1 (15).
This should yield phagemid predominantly expressing
a single scFv or diabody-pIII fusion after rescue with
helper phage (21) (Figs. 2A and 2B). Diabody phagemid
display a bivalent antibody fragment resulting from
intermolecular pairing of one scFv-plII fusion molecule
and one native scFv molecule (Fig. 2B). The C6.5 scFv
gene was also subcloned into the phage vector fd-Sfi/
Not. This results in phage with 3 to 5 copies each of
scFv-plII fusion protein (Fig. 2C). The human breast
cancer cell line SKBR3 was used as a target cell line for
endocytosis. Its surface ErbB2 density is approxi-
mately 1.0 X10° per cell (22).

2. C6.5 Phagemids Are Endocytosed by Human Cells

C6.5 scFv phagemids were incubated for 2 h with
SKBR3 cells grown on coverslips at 37°C to allow ac-
tive internalization. Cells were extensively washed
with PBS to remove non specific binding and washed
an additional three times with high salt and low pH
(stripping) buffer to remove phage specifically bound to
cell surface receptors. Internalized phagemid were de-

FIG. 8. Internaslization of C6.5 phage derivatives. SKBR3 cells grown on coverslips were incubated with 5.0 X 10% cfw/ml (A)
anti-botulinum phagemid (B) scFv C6.5 phagemid (C) C6ML3-9 phagemid (D) C6.5 diabody phagemid or (E) C6.5 phage for 2 h at 37°C. The
cells were treated as described in the legend to Fig. 1 and intracellular phage were detected with a flucrescent microscope using biotinylated

anti-M13 antiserum and Texas-Red streptavidin.

388




¥ oa

Vol. 255, No. 2, 1999

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

TABLE 1
Titration of Membrane-Bound and Intracellular Phage

Cell surface phage titer (x10~%)

Intracellular phage
Phage antibody 1st wash 2nd wash 8rd wash titer (x107%)
Anti-botulinum phagemid 280 36 2.8 15
C6.5 scFv phagemid 600 96 7.6 52
C6ML3-9 scFv phagemid 2500 140 32 270
C6-5 diabody phagemid 1800 120 13 450
C6.5 scFv phage 2300 620 56 2200

Note. 3.0 X 10" cfu of monovalent C6.5 scFv phagemid, 16-fold higher affinity monovalent C6ML3-9 scFv phagemid, bivalent C6.5 diabody
phagemid, or multivalent C6.5 fd phage were incubated with subconfluent SKBR3 cells for 2 h at 37°C. Cells were washed 6 times with PBS,
3 times with stripping buffer, and then lysed to recover intracellular phage. The various fractions were neutralized and the phage titered.
The total number of cfu of each fraction is reported. Nonspecific anti-botulinum phagemid were used to determine nonspecific recovery.

tected with a biotinylated M13 antiserum recognizing
the major coat phage protein pVIIL. An anti-botulinum
toxin phagemid was used as a negative control. Stain-
ing was analyzed by using immunofluorescent micros-
copy (Fig. 3). Approximately 1% of the cells incubated
with C6.5 scFv phagemid showed a strong intracellular
staining consistent with endosomal localization (Fig.
3B) while no staining was observed for anti-botulinum
phagemid (Fig. 8A). Furthermore, no staining was seen
if the incubation was performed for 2 h at 4°C instead
of 37°C (data not shown). Staining performed after the
PBS washes but before washing with stripping buffer
showed membrane staining of all the cells, indicating
that multiple washes with stripping buffer is necessary
to remove surface bound phagemids. The resulfs also
indicate that only a fraction of the cell bound phage are
endocytosed.

3. Increased Affinity and Bivalency Lead to Increased
Phage Endocytosis

We compared the internalization of C6.5 scFv,
C6ML3-9 scFv and C6.5 diabody phagemid and C6.5
scFv phage using immunofiluorescence. Both C6ML3-9
scFv and C6.5 diabody phagemid as well as C6.5 scFv
phage yielded increased intensity of immunofluores-
cence observed at the cell surface compared to C6.5
scFv phagemid. For C6ML3-9 scFv phagemid, approx-
imately 10% of the cells showed intracellular fluores-
cence after 2 h of incubation (Fig. 8C). This value
increased to approximately 30% of cells for the dimeric
C6.5 diabody phagemid (Fig. 3D) and 100% of cells for
multivalent C6.5 scFv phage (Fig. 3E).

4. Infectious Phage Can be Recovered from within the
Cell and Their Titer Correlates with the Level of
Uptake Observed Using Immunofluorescence

To determine if infectious phage antibody particles
could be recovered from within the cell, we incubated

approximately 5.0 X 10° SKBR-3 cells for 2 h at 37°C
with 3.0 X 10" cfu of the different phagemid or phage.
Six PBS washes were used to remove non-specifically
bound phage and specifically bound phage were re-
moved from the cell surface by three consecutive
washes with stripping buffer (washes I, II, and III
respectively, Table 1). The cells were then lysed with 1
mL of a 100 mM triethylamine solution (TEA) (repre-
senting the intracellular phage). The three stripping
washes and the cell lysate were neutralized and their
phage titer was determined by infection of E. coli TG1.
The titers of phage recovery are reported in Table 1.

Considerable background binding was observed in
the first stripping wash for the anti-botulinum phage
even after 6 PBS washes (2.8 X 107 cfu, Table 1). This
value likely represents phage non-specifically bound to
the cell surface as well as phage trapped in the extra-
cellular matrix. The amount of surface bound phage
increased only 2.1-fold above this background for C6.5
scFv phagemid (Tables 1 and 2). With increasing affin-
ity and avidity of the displayed C6.5 antibody frag-
ment, the titer of cell surface bound phagemid or phage
increased (Table 1). The titer of phage in the consecu-
tive stripping washes decreased approximately 10-fold
with each wash. These additional stripping washes led
to a minor increase in the titer of specific phage eluted
compared to the background binding of the anti-
botulinum phage (2.7-fold for C6.5 scFv phagemid to
20-fold for C6.5 scFv phage, Table 2). The only excep-
tion was the titer of the C6.5 diabody phagemid, where
the ratio actually decreased from 6.4- to 4.6-fold. This
is likely due to the fact that in the diabody the Vy and
V. domains that comprise a single binding site are not
covalently attached to each other via the peptide
linker. This increases the likelihood that a stringent
eluent (like glycine) could dissociate Vy from V, and
abrogate binding to antigen.

Three stripping washes were required to ensure that
the titer of phage recovered after cell lysis was greater
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TABLE 2
Specific Enrichment of Anti-ErbB2 Phage Compared to Anti-Botulinum Phage

Anti-ErbB2/anti-botulinum phage titer ratio®

Cell surface

Cell surface Intracellular/cell surface
Phage antibody (1st wash) (8rd wash) Intracellular ‘phage ratio®
C6.5 scFv phagemid 2.14 2.7 3.5 6.8
C8ML3-9 scFv phagemid 89 114 18 84
C6.5 diabody phagemid 6.4 46 30 35
C8.5 scFv phage 8.2 20 146 39

® The titers of anti-ErbB2 phage are divided by the titers of the anti-botulinum phage (Table 1) to derive an enrichment ratio for specific
vs nonspecific binding or internalization.

® The titer of intracellular phage is divided by the titer of cell surface bound phage (Table 1) to derive the ratio of internalized phage vs
surface bound phage.

than the titer in the last stripping wash (Table 1). We
presumed that after three stripping washes, the ma-
jority of the phage eluted represented infectious parti-
cles from within the cell rather than from the cell
surface. In fact, since the cell lysate titer observed with
non-specific anti-botulinum phage was considerable
(1.5 X 10°) and greater than observed in the last strip-
ping wash, it is likely that many phage remain trapped
within the extracellular matrix and relatively inacces-
sible to the stripping buffer washes. Some anti-
botulinum phage might also be non-specifically endo-
cytosed by cells, but this is likely to be a small amount
given the immunofluorescence results (Fig. 3). The ti-
ter of phage in the TEA fraction increased with in-
creasing affinity and avidity of C6.5, with the highest
titers observed for the dimeric C6.5 diabody phagemid
and the multivalent C6.5 scFv phage (Table 1). The
values represent a 30-fold (C6.5 diabody phagemid)
and 146-fold (C6.5 scFv phage) increase in titer com-
pared to the anti-botulinum phage (Table 1). We have
presumed that the increase in the phage titer in the
cell lysate compared to the last stripping wash is due to
endocytosed phage. In fact, some of these phage could
have come from the cell surface or intracellular matrix.
While this could be true for a fraction of the phage from
the cell lysate, the immunofluorescence results indi-
cate that at least some of the phage are endocytosed.
One indicator of the relative fraction of endocytosed
phage for the different C6.5 molecules is to compare
the amount of phage remaining on the cell surface
prior to cell lysis (last stripping wash) with the amount
recovered after cell lysis. This ratio shows only a minor
increase for monovalent C6.5 scFy or C6ML3-9 scFv
phagemid (6.8- and 8.4-fold, respectively) compared to
anti-botulinum phagemid (5.4) (Table 2). In contrast
the ratios for dimeric C6.5 diabody phagemid and mul-
tivalent C6.5 scFv phage increase to a greater extent
(35 and 39, respectively) compared to anti-botulinum
phagemid.

5. Increasing the Enrichment Ratios of Specifically
Endocytosed Phage

The results above indicate that phage antibodies can
undergo receptor mediated endocytosis and remain in-
fectious in a cell lysate. Selection of internalized
phages from a phage library requires the optimization
of the method to increase enrichment of specifically
internalized phages over non-internalized phage. Two
parameters can be improved: (i) reduction of the recov-
ery of non-specific or non-internalized phage and (ii)
preservation of the infectivity of internalized phage. To
examine these parameters, we studied wild-type C8.5
scFv phagemid. We chose this molecule because it was
clearly endocytosed based on confocal microscopy, yet
was the molecule undergoing the least degree of spe-
cific endocytosis. C6.5 scFv phagemid also represents
the most commonly utilized format for display of non-
immune phage antibody libraries (single copy pIII in a
phagemid vector) and has an affinity (16 nM) more
typical of K's of scFv from such libraries than the
affinity matured C6ML3-9 scFv (10, 23).

a. Reducing the background of non-internolized
phage. Toreduce the background of nonspecific phage
recovery, we studied the effect of trypsinizing the cells
prior to TEA lysis. This should remove phage trapped
in the extracellular matrix. Trypsinization also disso-
ciates the cells from the cell culture flask, permitting
transfer to a new vessel and elimination of any phage
bound to the cell culture flask. For these experiments,
C6.5 scFv phagemid (5.0 X 10° ampicillin resistant cfu)
were mixed with a 1000-fold excess of wild type fd
phage (5.0 X 10" tetracycline-resistant cfu). After in-
cubation of phagemid with SKBR-3 cells for 2 h at
37°C, cells were washed with PBS and three times with
stripping buffer. Cells were then directly lysed with
TEA or treated with trypsin, washed twice with PBS
and then lysed with TEA. Phagemid in the first strip-
ping wash and the cell lysate were titered by infection
of E. coli TG1 and plated on ampicillin and tetracycline
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FIG. 4. Effect of trypsinization on the enrichment of antigen
specific phage. A mixture of fd phage (5.0 X 10" cfu) and C6.5 scFv
phagemid (5.0 X 10° cfu) was incubated with SKBR3 cells for 2h at
87°C. Washes were performed either as described in Table 1 (<) or
cells were trypsinized prior to cell lysis (+). Phage present in the first
stripping buffer wash (cell surface phage) and the cell lysate (intra-
cellular phage) were titered in the presence of ampicillin (C6.5
phagemid) or tetracycline (fd phage).

plates. The titer of fd phage and C6.5 scFv phagemid
recovered from the cell surface was comparable for the
two experimental groups (Fig. 4). The ratio of fd phage/
C6.5 scFv phagemid in the cell surface fractions (160/1
and 250/1) yields a 4- to 6-fold enrichment achieved by
specific cell surface binding from the initial 1000-fold
ratio. Without trypsinization, the ratio of fd phage/C6.5
scFv phagemid in the cell lysate increases only 6.1-fold;
in contrast, the ratio increases 209-fold with trypsin-
ization (Fig. 4). This results from a 60-fold reduction in
nonspecific binding with only a minor reduction in the
amount of specific phage recovery (Fig. 4).

b. Improving the recovery of infectious internalized
~ phage. To increase the recovery of infectious inter-
nalized phage, we studied whether prevention of ly-
sosomal acidification through the use of chloroquine
would protect endocytosed phages from endosomal
degradation (12). SKBR3 cells were incubated with
chloroquine and either C6.5 scFv phagemid or anti-
botulinum phagemid. Cell lysates were titered at
various time points to determine the number of in-
tracellular phagemid. C6.5 scFv phagemid were
present at the 20-min time point and the amount of
phagemid was comparable with or without the addi-
tion of chloroquine. At later time points, approxi-
mately twice as much infectious phagemid was re-
covered with the use of chloroquine. In contrast,
much lower amounts of anti-botulinum phage were
present and chloroquine had no effect on the titer,
suggesting that the phagemid result from non-
specific surface binding rather than non-specific en-
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docytosis into endosomes. Overall, the results indi-
cate that prevention of lysosomal acidification
increases the amount of infectious phage recovered
for incubations longer than 20 min (Fig. 5).

6. Recovery of Internalized Phage at Low Phage
Concentrations

Only very large phage antibody libraries containing
more than 5.0 X 10° members are capable of generat-
ing panels of high affinity antibodies to all antigens
(10, 23, 24). Since phage can only be concentrated to
approximately 10" cfu/ml, a typical phage preparation
from a large library will only contain 10* copies of each
member. Thus selection of libraries for endocytosis
could only work if phage can be recovered when applied
to cells at titers as low as 10*, We therefore determined
the recovery of infectious phage from within SKBR3
cells as a function of the phage titer applied. SKBR3
cells were incubated with C6.5 scFv, C6ML3-9 scFv or
C6.5 diabody phagemids or C6.5 scFv phage for 2 h at
37°C. Cells were washed three times with stripping
buffer, trypsinized and washed twice with PBS. Cells
were lysed and intracellular phage titered on E. coli
TG1. Phage recovery increased with increasing phage
titer for all phage studied (Fig. 6). For monovalently
displayed antibodies, phagemid could not be recovered
from within the cell at input titers less than 3.0 X 10°
(C6.5 scFv) to 3.0 X 10° (C6ML3-9 scFv) This threshold
decreased for bivalent and multivalent display (3.0 X
10* for C6.5 diabody phagemid and C6.5 scFv phage).

[
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Intracellular phage (cfu x 10-3)
&
i

5 -
-4
4 . o
T
L‘W i H 1 i
0 50 100 150 200
Incubation time {min)

FIG.5. Effect of incubation time and chloroquine on the recovery
of antigen specific phage. SKBR3 cells were incubated in the pres-
ence (M, @) or absence (0J, O) of chloroquine (50 uM) for 2 h prior to
the addition of anti-botulinum phagemid (O, W) or C6.5 scFv phage-
mid {0, ®) (1.5 X 10° efw/ml). Cell samples were taken at 0 min, 20
min, 1 h, or 3 h after phage addition, washed as described in the
legend to Fig. 4 including the trypsinization step and intracellular
phages titered. )
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FIG. 6. Effect of phage concentration on the recovery of intracellular phage. Various concentrations of C6.5 scFv phagemid, C6ML3-9
scFv phagemid, C6.5 diabody phagemid or C6.5 scFv phage (input phage titer) were incubated with subconfiuent SKBR3 cells grown in 6-well
plates for 2 h at 87°C. Cells were treated as described in the legend to Fig. 4 including the trypsinization step and intracellular phage were

titered (output phage titer).

DISCUSSION

We demonstrate for the first time that phage dis-
playing an anti-receptor antibody can be specifically
endocytosed by receptor expressing cells and can be
recovered from the cytosol in infectious form. The re-
sults demonstrate the feasibility of directly selecting
internalizing antibodies from large non-immune phage
libraries and identify the factors that will lead to suc-
cessful selections. Phage displaying anti-ErbB2 anti-
body fragments are specifically endocytosed by ErbB2
expressing SKBR3 cells, can be visualized within the
cytosol and can be recovered in an infectious form from
within the cell. When monovalent scFv antibody frag-
ments were displayed monovalently in a phagemid sys-
tem, recovery of internalized phage was only 3.5- to
18-fold above background. Display of bivalent diabody
or multivalent display of scFv in a phage vector in-
creased recovery of internalized phage to 30- to 146-
fold above background. This result is consistent with
our studies of native monomeric C6.5 scFv and dimeric
C6.5 diabody as well as studies of other monoclonal
anti-ErbB2 antibodies where dimeric IgG but not mo-
nomeric Fab dimerize and activate the receptor and
undergo endocytosis (7, 8). In fact it is likely that
endocytosis of C6.5 and C6ML3-9 scFv phagemids re-
flect the small percentage of phage displaying two or
more scFv (21). The importance of valency in mediating
either high avidity binding or receptor crosslinking and
subsequent endecytosis is confirmed by the only other
report demonstrating specific phage endocytosis.
Phage displaying approximately 300 copies of a high
affinity Arg-Gly-Asp integrin binding peptide on pVIII
were efficiently endocytosed by mammalian cells (11).
Recovery of phage after endocytosis also increases the

specificity of cell selections compared to recovery of
phage from the cell surface. Thus enrichment ratios for
specific vs nonspecific surface binding range from 2- to
20-fold. These values are comparable to the approxi-
mately 10-fold enrichment reported by others for a
single round of cell surface selection (25, 26). In con-
trast our enrichment ratios for specific vs non-specific
endocytosis range from 3.5- to 146-fold.

Based on these results, selection of internalizing an-
tibodies from phage antibody libraries would be most
successful with either homodimeric diabodies in a
phagemid vector or multivalent scFv using a phage
vector. While no such libraries have been published,
there are no technical barriers preventing their con-
struction. Multivalent libraries would present the an-
tibody fragment in the form most likely to crosslink
receptor and undergo endocytosis. Antibodies from
such libraries would need to be bivalent to mediate
endocytosis. Alternatively, monomeric receptor ligands
can activate receptors and undergo endocytosis, either
by causing a conformational change in the receptor
favoring the dimeric form or by simultaneously binding
two receptors. Monomeric scFv that bound receptor in
a similar manner could also be endocytosed. Thus se-
lection of libraries of monovalent scFv in a phagemid
vector could result in the selection of ligand mimetics
that activate receptors and are endocytosed as mono-
mers. Such scFv could be especially useful for the con-
struction of fusion molecules for the delivery of drugs,
toxins or DNA into the cytoplasm. Since antibodies
which mediate receptor internalization can cause re-
ceptor downregulation and growth inhibition (8, 27—
29), selection for endocytosable antibodies may also
identify antibodies which directly inhibit or modulate
cell growth.
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Internalizing antibodies and targeted
cancer therapy: direct selection from
phage display libraries
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Antibody internalization is required for the success of many targeted
therapeutics, such as immunotoxins, immunoliposomes, antibody-drug
conjugates and for the targeted delivery of genes or viral DNA into
cells. Recently, it has become possible to directly select antibody
fragments from phage display libraries for internalization into
mammalian cells. Here we review the therapeutic applications of

internalized antibodies and describe how phage display enables the

isolation of internalizing antibodies to novel or known targets.
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¥ Although antibodies show tremendous
promise for the treatment of human malignan-
cies, initial attempts to develop anti-tumor anti-
bodies were generally unsuccessful. These fail-
ures were largely caused by the limitations of
murine hybridoma technology induding, for ex-
ample, the immunogenicity of murine antibod-
fes in humans. More recently, both improved
understanding of tumor biology and advances in
antibody engineering have made it possible to
identify better tumor targets for antibody-based
therapies and to generate less immunogenic hu-
manized and human antibodies.

Studies of the molecular basis of tumorigene-
sis have identified cell surface receptors that are
either: (1) tumor or lineage specific, such as
CD20 (Ref. 1) and mutant forms of the epider-
mal growth factor receptor? (EGF receptor; see
Glossary), or (2) overexpressed in tumors, such
as ErbB2 (Ref. 3). These cell surface receptors
serve as ideal antibody targets.

Technologies for making antibodies
Advances in molecular cloning and antibody en-
gineering have made it possible to convert rodent

monoclonal antibodies into chimeric antibodies
(where the constant regions are human) or hu-
manized antibodies (where the majority of the
variable region sequence is also human). Such
antibodies, especially those that are humanized,
are significantly less immunogenic than rodent
antibodies and can be consecutively adminis-
tered without an increase in clearance or loss of
efficacy.

Human antibodies

Several technologies have recently been devel-
oped to produce antibodies of entirely human
origin. Transgenic mice harboring 2 portion of
the human variable region (V) gene locus have
enabled human antibodies to be produced using
standard hybridoma technology*. Although this
approach generates antibodies of entirely human
sequence, it has similar limitations to traditional
hybridoma technology. It relies on the availabil- .
ity of an immunogen and a natural immune re-
sponse, and may yield only a limited number of
antibodies, often directed to a few immunodom-
inant epitopes. Phage display is another promis-
ing technology, which has produced antibody
fragments that bind a wide variety of antigens,
including several hitherto refractory immuno-
gensS~7, Combinatorial antibody libraries are
typically cloned from naive repertoires of im-
munoglobulin (Ig) V-genes, such as IgM genes,
from non-immunized donors and are displayed
on phage (Fig. 1).

Gene fragments encoding the Ig heavy and
light chain variable regions (V; and V) are am-
plified from B-lymphocytes using PCR and are
assembled as single-chain Fv antibody fragments
(scFv). The assembled genes are inserted into
a phage display vector in frame with the gene

1461-5347/00/$ - see front matter ©2000 Elsevier Science Ltd. All rights reserved. Pll: $1461-5347(00)00287-X
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Figure 1. Schematic diagram depicting the cloning and selection of naive phage display antibody libraries: (1) B-lymphocytes obtained from peripheral
blood or spleen provide a source of naive V-genes for repertoire construction; (2) the V-genes are amplified by PCR using V-region-specific primers; {3} a
splice overlap PCR reaction assembles the V,; and V, genes with a peptide finker creating an scPv antibody gene repertoire; (4] the PCR products are cloned
into a phage display vector in frame with the gene encoding the pill phage capsid protein resulting in phage displaying the antibody library; {5} antigen-
binding phage antibodies are enriched by panning; and (7) eluted with strong base, then re-infected into Escherichia coli for another round of selection.
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encoding the phage coat protein plil. Following its introduc-
tion into Escherichia coli, the random combinatorial library of
antibody fragments is displayed on phage. Antigen-specific an-
tibodies can be selected from antibody libraries displayed on
phage after one week and the antibody fragments typically ex-
press at high levels in E. coli8.

Another advantage of phage display is that the antibody
genes are directly available for the subsequent genetic engi-
neering of the antibody fragment, that is, to make fusion mol-
ecules? or to improve antibody affinity!®. The genetic engineer-
ing of antibody fragments has also enabled an extensive study
of the physical properties of antibodies affecting the targeting
of human malignancies. Several parameters such as affinity!!,
valence!!3, charge!* and size!S have previously been shown to
influence tumor targeting in vive.

Antibody strategies for cancer therapy

As a result of the advances in antibody engineering and tumor
biology, the first two antibodies approved for therapy of
human cancers entered clinical practice: (1) Rituxan for non-
Hodgkins lymphoma'é and (2} Herceptin for breast cancer?’.
These two antibodies were developed on the basis of their abil-
ity to bind cell surface receptors overexpressed on the target

tumor {CD20 in the case of non-Hodgkins lymphoma and
ErbB2 in breast cancer). Rituxan and Herceptin exert their
therapeutic effects directly, either by inducing apoptosis
(Rituxan'®.1%) or by causing growth inhibition (Herceptin2?).
Only a fraction of the antibodies generated against a known
surface receptor, such as ErbB2, share this direct tumor in-
hibitory ability?!. If the antibodies do not directly inhibit
tumor growth, other sirategies using the antibody to deliver a
toxic payload must be used. ‘

Many of these strategies rely on the ability of the antibody
to bind to the surface receptor in a manner that induces recep-
tor-mediated endocytosis, resulting in the delivery of the cyto-
toxic agent into the cytosol. For example, anti-ErbB2 antibod-
ies have been used to target doxorubicin-containing
liposomes?? or Pseudomonas exotoxin (immunotoxin) in the in-
terior of tumor cells®2%. The use of antibodies to target non-
viral gene therapy vectors also requires the antibody to induce
receptor-mediated endocytosis in order to deliver the gene
into the cell. Similar to growth inhibition, the majority of
antibodies generated by immunization do not bind to recep-
tors in a manner that triggers endocytosis?!.2¢, and it is there-
fore essential to select for antibodies that can elicit the desired

response.
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Exploiting receptor-mediated endocytosis for drug delivery
The endocytic pathway can be used by antibodies to deliver
drugs into the cytosol. Typically, endocytosis plays a role in nu-
merous cellular functions including antigen presentation, nu-
trient acquisition, receptor regulation and synaptic transmis-
sion. Endocytic pathways are also used by viruses, toxins and
symbiotic microorganisms to gain entry into cells.

Internalization via clathrin-coated pits

One of the most well-characterized endocytic mechanisms is
receptor-mediated endocytosis via clathrin-coated pits. The
binding of ligands to receptors often leads to receptor aggre-
gation, either by inducing a conformational change or by
cross-linking receptors?:2¢, In the case of the EGF receptor?’
and the Fc receptor type II (Ref. 28), the receptors subse-
quently concentrate in clathrin-coated pits resulting in endo-
cytosis and clearance from the cell surface. Membrane proteins
that are internalized in clathrin-coated pits contain targeting
sequences in their cytoplasmic domains that interact with a va-
riety of adaptor proteins, and clathrin, which directs the pro-
tein into these pits?®. The fate of the receptor-ligand complex
after it is in the endocytic vesicle is dependent on the receptor.
For example, the transferrin receptor enters the early endo-
somes from which it is rapidly recycled along with transferrin
to the cell surface’?. By contrast, the EGF receptor is either re-
cycled following dissociation of EGF or it accumulates in the
Iate endosomes wherein it is degraded.

Drug delivery via internalizing antibodies

Antibodies and antibody fragments can deliver a variety of
agents, such as drugs, genes, toxins and radionuclides, to target
cells that express the antigen. The endocytosis of the antibody
fragment to the interior of the cell can often increase the effect
of the therapeutic agent. A major advantage of receptor-mediated
endocytosis as a drug delivery route is that therapeutic agents
can be delivered specifically into target cells that overexpress the
receptor and thereby increase efficacy while reducing systemic
toxicity. The main disadvantage is that the therapeutic agent lo-
calizes to the endosomes, but it needs to escape from here into
the cytoplasm in order to exert its pharmacological effects.

Immunoconjugates

Monoclonal antibodies directed to tumor-associated antigens
have been chemically conjugated to a variety of drugs such as
doxorubicin®! and more-toxic molecules such as enediynes32.
Most immunoconjugates rely on the release of the drug from
the antibody after it is in the endosome in order for it to exert
its pharmacological activity in the cytosol or nucleus.
Immunoconjugates that are internalized into cells by receptor-
mediated endocytosis enter endosomes and lysosomes that
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contain a mildly acidic (pH 4-5) environment. This pathway
offers a selective mechanism of drug release if drug carrier
linkers have adequate differences in their rates of hydrolysis at
lysosomal and systemic pH. Alternatively, the release of the
drug from the antibody following internalization can take ad-
vantage of the metabolic potential of the endosomes and lyso-
somes®3,

Targeted gene delivery

To accomplish antibody-mediated gene delivery, the antibody
must contain a domain that will complex or encapsulate the
DNA vector. This can be a non-specific carrier domain, such as
protamine®, or natural protein domains that bind specific
DNA sequences?*. Whatever the carrier, after targeting to the
cell surface the DNA must enter the cell nucleus for gene ex-
pression. Receptor-mediated endocytosis has been investigated
as a pathway for non-viral gene delivery into cancer cells; how-
ever, after it has entered the endosome, the gene must be re-
leased from the carrier and must enter the cytosol.

Research into how viruses escape from endosomes has re-
sulted in the enhancement of gene expression using mem-
brane-active peptides derived from viral domainsé, and
translocation to the nucleus has been improved using nuclear
localization signals?’. Also, cationic lipid-DNA complexes that
efficiently escape the endosomes have been targeted to tumors.
Such agents, however, are rapidly cleared from the circulation.
Thus, the highest levels of activity are observed in ‘first pass’
organs, such as the lungs, spleen and liver. Viruses, which in-
herently escape from the endosome, have also been targeted
with antibodies. Engineered viruses, however, can generate an
immune response that can compromise transfection efficiency
on subsequent injections. In addition, the natural wild-type
tropism must be attenuated to obtain tumor target specificity.
Eventually, a better understanding of endosomal escape will
Iead 1o targeted gene delivery constructs that achieve high gene
expression without the potentially harmful toxicity associated
with viral gene delivery.

Immunoliposomes

Several liposomal drugs, such as the liposome-encapsulated
doxorubicin, have proven to be effective against cancer in clini-
cal trials®®. The steric stabilization of liposomes with polymers
such as polyethylene glycol (PEG) have increased the circula-
tion time by reducing the rate of reticuloendothelial clearance
and increasing the uptake by tumors®. The coupling of anti-
bodies to liposomes to form immunoliposomes (ILs) shows
promise for increasing the efficacy of liposomal drugs against
solid tumors and leukemia by specific interaction with
the tumor cells, In early studies, a strong association between
enhanced growth inhibition and liposome internalization was
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observed in vitro*; however, the binding of ILs displaying anti-
bodies is not always followed by internalization*!. Since these
studies, numerous investigations have demonstrated that the
cytotoxicity of the liposome-encapsulated drug increases when
the liposome carrier is internalized into the target cell#0.42-45,
Enhanced efficacy in vivo also appears to depend on internal-
ization. When the monoclonal anti-ErbB2 antibody N-12A5
was coupled to sterically stabilized liposomes, no increased ef-
ficacy over untargeted liposomes was observed*!. By contrast,
when an internalizing anti-FrbB2 Fab was used for IL construc-
tion, greatly enhanced efficacy in a mouse xenograft model#s
was observed owing to enhanced IL uptake into tumor cells
(D. Kirpotin et al., unpublished).

Immunotoxins

Immunotoxins are attractive candidates for cancer therapy be-
cause they combine the specificity of tumor-cell-reactive anti-
bodies with the high cytotoxic potency of naturally occurring
toxins® 23, Psendomonas exotoxin (PE) is frequently used for im-
munotoxin construction. PE and related toxins consist of three
regions involved in binding, translocation and activity. The
translocation domain is believed to actively transport the active
domain from the endosome into the cytosol. This makes toxins
such as PE well suited for targeting by receptor-mediated en-
docytosis because this is the pathway that the toxin naturally
transits before entering the cytosol, where it efficiently inhibits
protein synthesis. Indeed, immunotoxins have shown efficacy
in several clinical trials, particularly for the treatment of hema-
tological tumors*’. Endocytosis of the antigen—immunotoxin
complex appears to be the most important determinant of in
vitro cytotoxicity. Other factors, such as the extent of cell bind-
ing and the number of cell surface antigens, appear to affect

cytotoxicity only to the degree that they influence endo-
cytosist8,

Radionuclide antibody conjugates

Radioimmunotherapy (RAIT) or immunoscintigraphy using
systemically administered antibodies linked to radionuclides is
a promising approach to the treatment and diagnosis of cancer.
It is not immediately obvious that antibody internalization is
advantageous for RAIT and immunoscintigraphy. Following in-
ternalization, radioiodinated antibodies are usually degraded
and dehalogenated intracellularly*?, leading to the conclusion
that non-internalized antibodies would be superior. However,
the intracellular degradation of radiclabelled antibodies and
the subsequent secretion of radioactive iodine does not seem
to prevent the accumulation of intracellular radiocactivity.
Indeed, the accumulation and retention of radiocactivity in the
tumor tissue, owing to the internalization of radiolabelled an-
tibody, improved the immunoscintigraphy of xenografts in
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nude mice?. Furthermore, dehalogenation in the cell only takes
place when iodine nuclides are attached to tyrosine residues
using Trouts reagent®! (other radionuclides such as '!'In or
chelated nuclides can also be used). In RAIT, internalization of
the antibodies used for targeting are also advantageous. The
emission characteristics of the radioisotope are critical in de-
termining what the radiation dose to the tumor should be
compared with normal organs. If antibodies internalize and
transport low-energy electron-emitting isotopes close to the
tumor cell nucleus, an improved therapeutic advantage can be
achieved. In the case of Auger emitters such as 125], lower toxi-
city is observed. This is probably caused by the short path
length of their low-energy electrons, which can reach the nu-
clear DNA only if the antibody is internalizeds?,

For several other antibody-based strategies, internalization
can be prohibitive. For instance, bi-specific antibodies and im-
mune-stimulatory fusion proteins require interaction on the
cell surface with cells of the immune system, thus making in-
ternalization undesirable. Likewise, internalization is not de-
sired for antibody-directed enzyme prodrug therapy in which
an antibody-bound enzyme is localized to the cell surface
where it enzymatically converts a prodrug.

Factors that influence antibody internalization

Several approaches have been used to develop antibody-based
delivery systems that use endocytosis as a point of entry into
cells. The limitations of endocytosis as an entry point for drugs
into cells depends on the: (1) type of receptor, (2) antigen
density, (3) epitope, (4) rate of internalization, (5) release of
the therapeutic molecule from the endosome, and (6) re-ex-
pression of the antigen on the cell surface (Fig 2).

Several antibodies to cell surface receptors, such as the EGF
receptor®$5%, ErbB2 (Refs 55,56) and transferrin receptor¥’,
induce internalization. Other cell surface molecules have also
been shown to mediate antibody internalization {although
often at a slower rate). These include the neural cell adhesion
molecule®® (NCAM), prostate-specific membrane antigen58
(PSMA), carcinoembryonic antigen®® (CEA) and mucins$0, The
therapeutic potential of antibodies and antibody-targeted
drugs has been correlated with antigen density on the target
cell surface®!62. A high density of cell surface receptors permits
more antibodies to be concentrated on target cells, which con-
sequently results in greater pharmacological effectivenesss?,
The choice of antigen is a key factor for targeting malignancies
because, to a large extent, it determines the rate of internaliza-
tion and intracellular routing*3.¢%. Indeed, the rate of internal-
ization plays a key role in predicting the cytotoxicity of drug
oOr toxin conjugatess+.6S,

However, not all antibodies binding to internalizing re-
ceptors are rapidly internalized?!.56, It appears that the epitope
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receptor antibody>3. Further, increas-
ing the valency of antibodies can also
increase their internalization. For in-
stance, internalization of IgG aggre-
gates by polymorphonuclear neutro-
phils varies with the size of the
aggregates?!. Thus, caution must be
used when designing recombinant an-
tibody targeted drugs with a2 mono-
valent binding site, such as scFv or
Fab, to ensure efficient internalization.

2

Sereening antibodies for
internalization

The most common method for moni-
toring the internalization of ligands
and antibodies into cells uses a low pH
buffer (typically glycine-HCI, pH 2.8)
to dissociate the surface-bound anti-
body. However, reports from several
groups indicate that this buffer, in
some cases, only partially dissociates
antigen—antibody complexes and there-
fore can introduce major inaccuracies
in internalization experiments72.73,
Alternatively, antibodies can be bio-
tinylated with NHS-SS-biotin and in-
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Figure 2. Antibody targeting of drugs to cells via receptor-mediated endocytosis: {1} antibody
conjugated to a therapeutic agent such as a toxin, drug, radionuclide, liposome or DNA, binds to receptor
overexpressed on the target cell; (2) antibody binding triggers internalization of the receptor; (3)
typically, the therapeutic agent must escape from the endosome in order to exert its action in the
cytoplasm or nucleus; and {4} the receptor is either recycled to the surface or degraded in the endosome.

9 oy cubated with live cells. Following the

specific reduction of biotin groups on
cell surface bound antibodies with re-
ducing agents, internalization can be
quantitated by immunoblottingss.
However, the accuracy of this method

recognized by the targeting antibody influences the rate of in-
ternalization$5.¢6, Frequently, the antibody mimics the natural
ligand. For instance, some internalizing antibodies against the
EGF receptor cause tyrosine phosphorylation and, in some
cases, also mimic the mitogenic effects of EGF*447, Tyrosine
phosphorylation of the EGF receptor, however, is not a require-
ment for antibody internalization®®. Similar discrepancies have
been reported for the activities of internalizing anti-ErbB2
monoclonal antibodies’é.69,

Most of the investigations carried out on the internalization
of antibodies did not address the role of multivalency in anti-
body internalization. For many antibodies, however, bivalency
seems fo be mandatory for internalization. When monovalent
Fab fragments of several anti-ErbB2 antibodies were tested for
internalization, the fragments were not internalized”?. Similar
observations were reported for the Fab portion of an anti-EGF

also relies on the complete removal of
biotin from the cell surface bound antibody. All of the above
mentioned screening methods are laborious, allowing only a
limited number of different antibodies to be screened for in-
ternalization.

Direct selection of internalizing antibodies from phage
display libraries

Because phage antibody isolation takes place in vitro, selection
procedures can be manipulated to select for antibodies with
desired physical or biological activities. Recendly, the direct se-
lection of peptides and antibody fragments binding cell surface
receptors from filamentous phage libraries by the incubation
of phage libraries with a target cell line has been demon-
strated®7+77_ This has led to an increase in the number of po-
tential targeting molecules. However, the isolation of cell-type-
specific antibodies from naive libraries has been difficult
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Figure 3. Internalization of anti-ErbB2 phage derivatives. The ErbB2-overexpressing cancer cell line SKBR3 was grown on coverslips and incubated with

{a) control phage antibody; {b} phagemid displaying single copies of anti-ErbB2 scFy, K, = 16 nw; {c) phagemid displaying single copies of anti-ErbB2 scFv
Ky = 1 nv; {d) phage displaying single copies of anti-ErbB2 bivalent diabody; or (e} multivalent phage displaying 3-5 copies of anti-ErbB2 scFv for 2 hours
at 37°C. Intracellular phage was detected with biotinylated anti-M13 antiserum and Texas-Red streptavidin. (Adapted from Ref, 80)

Multivalent
phage
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because selections often result in the isolation of antibodies to
common cell surface antigens’®.

Phage internalization into mammalian cells

The ability of bacteriophage displaying peptides to undergo
receptor-mediated endocytosis’S?? indicates that phage anti-
body libraries might be selected not only for their cell binding
but also for their internalization into mammalian cells. Unlike
peptide phage libraries, however, phage antibody libraries typ-
ically display monomeric scFv or Fab antibodies fused to pilI
as single copies on the phage surface (phagemid libraries). It
has been hypothesized that such monovalent display is unlikely
to lead to efficient receptor cross-linking and phage internal-
ization. To determine the feasibility of selecting internalizing
antibodies and to identify the factors responsible for phage in-
ternalization, the C6.5 phage antibody has been investigated.
C6.5 scFv binds the growth factor receptor ErbB2, which is
overexpressed in many solid tumors. Similar to the majority of
antibodies, monovalent C6.5 scFv is only minimally internal-
ized, although the bivalent diabody is efficiently endocy-
tosed’?, Investigations have also been carried out on the

phagemid displaying single copies of C6.5 scFv8!, phagemid
displaying a 16-fold higher affinity mutant of C6.5 scFv19,
phagemid displaying single copies of the bivalent C6.5 dia-
body!? and phage displaying multiple copies of C6.5 (Fig. 3).
For these studies, the phage were incubated with live cells at
37°C, the surface-bound phage was removed by acid washing
and the endocytosed phage recovered by cell lysis.

The internalization of monovalent C6.5 scFv was only four-
fold greater than the internalization of a non-specific anti-bot-
ulinum phage antibody (background internalization). Display
of the 16-fold higher affinity C6.5 mutant increased internal-
ization to 16-fold above background. Endocytosis was greatest
when the phage antibody was multivalent, prepared either by
using the bivalent diabody or by display on a phage vector. The
uptake of multivalent phage increased o 30-fold (diabody)
and 146-fold (phage vector) above background. For any dis-
play format, the enrichment ratio above background was much
greater for internalized phage compared with phage recovered
from the cell surface (only two-fold to 20-fold above back-
ground). The result of the uptake of the different phage anti-
bodies as determined by fluorescence microscopy agreed with
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5 2-3 rounds
of selection

rified scFv were rapidly endocytosed
into cells expressing the appropriate re-
ceptor. The scPFy that bind ErbB2 and the
transferrin-receptor did not sponta-
neously dimerize and do not require
dimerization in order to undergo inter-
nalization®3. The internalization of the
anti-ErbB2 scFv BS was compared with
the C6.5 scFv, which was selected on re-
combinant ErbB2 protein using tradi-
3 . tional panning strategies8!. The anti-
bodies recognize different epitopes on
ErbB2Z with comparable affinities; how-
ever, C6.5 scFv does not significantly in-
ternalize into ErbB2 as monomeric scFy,
whereas F5 scFv does.

Using this strategy of selection for in-
ternalization into tumor cell lines, inter-

re-amplified for additional rounds of selection,
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Figure 4. Selection for antibody internalization from a phage display library: {1} phage antibody
libeary is incubated with the target cells at 4°C to reduce internalization; {2) unbound phage is
washed away and cells are returned to 37°C for <15 minutes to enable the internalization of phage
bound te internalizing receptors; (3] cell surface bound phage are stripped with low pH acid buffer;
(4) cells are lysed and phage recovered by reinfection into Escherichia coli; and (5) phage are

nalizing antibodies to ErbB2, transferrin
receptor and EGF receptor have now
been isolated. In addition, hundreds of
antibodies to unidentified targets have
been isolated, several of which appear to
be overexpressed on breast cancer cells.
Given the nature of the antigens identi-

gy Today

uptake determined by phage titering (Fig. 3). These experi-
ments demonstrated the feasibility of directly selecting inter-
nalizing antibodies from phage libraries and indicated that se-
lection is most efficient for bivalent diabodies or scFv displayed
multivalently on phage.

Selection of internalizing antibodies from phage display
libraries

The strategy described above was used to directly select from a
large naive phage antibody library” a scPv capable of triggering
endocytosis into breast tumor cells upon receptor binding
(M.A. Poul et al., unpublished; Fig. 4). This library displays sin-
gle copies of monovalent scFv using a phagemid vector.
Although our results described above indicate that this is not
the optimal display format for internalization selections, no di-
abody or phage based naive libraries currently exist.

After three rounds of selection, greater than 50% of the scFv
analysed bound to the selecting cell line. The further
characterization of several of these antibodies identified two
that bound ErbB-2 (F5 and C1) and three that bound the trans-
ferrin receptor. Interestingly, both ErbB-2 and the transferrin
receptor are rapidly internalized and are specific markers for
several cancers®?, Both the phage antibodies and the native pu-
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fied to date, the identification of novel
antigens from these selections using ex-
pression cloning and protein microsequencing are currently
being pursued. It is envisaged that selection on other cell types
will identify other cell-specific markers because endocytosed
receptors are likely to be associated with specific cell functions,
such as growth factor and nutrient transport receptors on can-
cer cells or Fc receptors on cells of the immune system. This
approach can also be used to generate internalizing antibodies
to known receptors by transfecting the receptor into an appro-
priate cell line and performing selections as described above. It
might also be possible to use internalization as a surrogate
marker to identify desirable biological effects of the antibody,
for example, apoptosis or growth inhibition. Indeed, a signifi-
cant growth inhibitory effect of the anti-transferrin scFv iden-
tified in the selection on cancer cells was observed®?, Thus, an-
tibodies selected using this approach might have a direct
therapeutic effect in addition to the ability to deliver drugs into
the cytosol.

Human scFv antibodies selected from a phage display library
for internalization into tumor cells can readily be used as tar-
geting molecules for drug delivery. For example, one of the
scFv against ErbB2 was conjugated to the surface of commer-
cial liposomal doxorubicin converting it into fully functional
doxorubicin-loaded anti-ErbB2 immunoliposomes (UB.




PSTT Vol. 3, No. 8 August 2000

Nielsen et dl., unpublished). The resulting ILs have superior ef-
ficacy in an ErbB2 overexpressing mouse xenograft model
compared with untargeted liposomal doxorubicin. Because of
the entirely human origin of the scFv, it is likely that the result-
ing ILs will be non-immunogenic in humans.

Conclusion

It is envisaged that the selection for internalization methodol-
ogy will be generally applicable to generate scFv capable of de-
livering liposomes or other agents into a wide variety of tumor
cells, such as prostate and ovarian cancers. In addition, the gen-
eration of multivalently displayed antibody fragment libraries
(either as diabodies or on phage vectors) should greatly in-
crease the number of internalizing antibodies generated using
this approach. Compared with scPv isolated from monova-
lently displayed libraries, these antibody fragments might need
to be used multivalently (as on liposomes) in order to be in-
ternalized. Alternatively, they might be useful as monovalent
scFv to target the cell surface for bispecific therapeutic ap-

proaches because they are not likely to be endocytosed in that
format.
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Antibody internalization into the cell is required
for many targeted therapeutics, such as immuno-
toxins {(Altenschmidt ef al, 1997), immunolipo-
somes (Kirpotin et al, 1997), antibody-drug
conjugates and for targeted delivery of genes or
viral DNA into cells (Fominaya & Wels, 1996). This
can be accomplished by taking advantage of nor-
mal receptor biology: ligand binding causes recep-
tor activation via homo- or heterodimerization,
either directly for a bivalent ligand or by causing a
conformational change in the receptor for mono-
valent ligand, and receptor-mediated endocytosis
(Ullrich & Schlessinger, 1990). Antibodies can
mimic this process, stimulate endocytosis, become
internalized and deliver their payload into the cell.
In general, this requires a bivalent antibody
capable of mediating receptor dimerization
(Heldin, 1995; Yarden, 1990). In addition, the effi-

© 2000 Academic Press
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ciency with which antibodies mediate internaliz-
ation differs significantly depending on the epitope
recognized (Hurwitz et al., 1995; Yarden, 1990).

Currently, antibodies which trigger internaliz-
ation are identified by screening antibodies derived
by either hybridoma or phage antibody technol-
ogy. However, this usually involves examining
antibodies recognizing specific targets, and while it
may take the biology of the target into account, it
takes no account of the biology of the antibody
that is triggering receptor endocytosis. Antibodies
which trigger receptor endocytosis could be
directly selected from large non-immune phage
libraries (Marks ef al,, 1991; Sheets ef al., 1998) by
recovering infectious phage particles from within
cells after receptor-mediated endocytosis, as
reported for peptide phage libraries (Hart et al,,
1994; Barry et al.,, 1996). Unlike the multivalently
displayed peptide phage libraries, however, phage
antibody libraries typically display monomeric
single chain Fv (scFv) or Fab antibody fragments
~ fused to plll as single copies on the phage surface
using a phagemid system (de Haard et al.,, 1999;
Knappik et al., 2000; Marks et al., 1991; Nissim ef al.,
1994; Sblatero & Bradbury, 2000; Sheets et al., 1998;
Vaughan ¢t al., 1996). To determine the feasibility
of selecting internalizing antibodies, we previously
studied the human scFv C6.5 which binds the
growth factor receptor ErbB2 (Schier ef al, 1995).
Using wild-type C6.5 scPFv displayed monovalently
in a phagemid system, we demonstrated that anti-
ErbB2 phage antibodies can undergo receptor-
mediated endocytosis, albeit with very low effi-
ciency and enrichment ratios (Becerril ef al., 1999).
The low efficiency reflects the expectation that a
monomeric binding unit is unable to mediate
receptor cross-linking and phage internalization.
Since C6.5 was selected for binding to native pro-
tein, we reasoned that if scFv were able to mediate
internalization in the monomeric form, the most
effective way to identify them would be by direct
selection from a large non-immune phage library
by recovery of infectious phage particles from
within tumor cells. Here we report the successful
selection and characterization of such tumor-
specific internalizing antibodies.

Results

Selection of internalizing phage antibodies

For selections, phage were prepared from a
7.0 x 10° member human scFv phage antibody
library (Sheets et al., 1998). To select for internaliz-
ing phage antibodies, 5 x 10° subconfluent adher-
ent SKBR3 breast tumor cells were incubated with
1 x 10" colony forming units (cfu) of phage in the
presence of normal human fibroblasts in suspen-
sion for 1.5 hours. This step was performed at 4°C
to allow phage binding without internalization.
The fibroblasts were used to deplete the library of
phage antibodies which bound to antigens com-
mon to SKBR3 cells and fibroblasts. Two different

sets of selections were performed in parallel. For
one set of selections, fibroblast depletion was per-
formed during each round of selection. For the
second set of selections there was no fibroblast
depletion in the first round to avoid the potential
loss of rare phage antibodies which bound to anti-
gens that were quantitatively but not qualitatively
different between the selecting and depleting cell
lines. After phage binding, the cells were washed
extensively with phosphate-buffered saline (PBS)
to remove non-specifically or weakly bound phage.
Cells were then incubated at 37°C for 15 minutes
to allow endocytosis of surface-bound phage. Fif-
teen minutes was chosen, since it is long enough to
allow ligand-induced internalization of tors
like epidermal growth factor receptor (EGFR) and
ErbB2 and short enough to avoid phage degra-
dation within the cell, which would impair the
recovery of infectious phage (Becerril ef al., 1999).
To recover phage from within the cell, the cells
were stripped three times with a low pH glycine
buffer to remove phage bound to the cell surface,
trypsinized and washed with PBS to remove phage
bound in the extracellular matrix or to the culture
plate, and finally lysed with high pH triethylamine
(TEA). The cell lysate containing phage recovered
from within the cell was used to infect Escherichia.
coli TG1 to prepare phage for the next round of
selection. A total of three rounds of selection were
performed. Selections were monitored by titering:
(1) the number of phage bound to the cell surface
in the first low pH glycine wash (wash 1); and (2)
the number of endocytosed phage recovered from
within the cell (cell lysate) (Table 1). For both selec-
tion strategies (depletion on fibroblasts in the
first round), the titer of phage bound o the cell
surface increased only four- to tenfold after three
rounds of selection while the titer of phage recov-
ered in the cell lysate increased 100 to 200-fold
{Table 1, and data not shown for selection without
depletion in round 1). This resulted in more than a
100-fold increase in the number of endocytosed
phage recovered per cell, from 0.01 phage/cell up
to 3.75 phage/cell (Table 1). These data suggest
that phage were selected on the basis of endocyto-
sis into SKBR3 cells.

initial characterization of phage antibodies

Antibodies binding SKBR3 cells were identified
by cell ELISA using native soluble scFv expressed
from randomly picked single colonies from the
second and third rounds of selection. When
depletion was included in each round of selection,
11/94 (11.7%}) of the clones bound SKBR3 cells
after two rounds of selection and 55/135 (40.7 %)
bound SKBR3 cells after three rounds of selection
(Table 2). All positive clones gave no signal above
background on fibroblasts in a cell ELISA assay,
indicating that the library had been efficiently
depleted of antibodies common to fibroblasts and
SKBR3. The frequency of SKBR3 ELISA positive
clones was similar when depletion was not
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Table 1. Results of phage antibody library selection on SKBR3 cells

Phage input/output ratios
Phage output (x1078 Phage output/cell
Number of
fibroblasts Number of Number of
used for Wash 1 (cell Wash 1 {cell Number of phage/cell phage/cell

Round depletion Phage input surface) Celllysate  surface)  Cell lysate cells {cell surface) (intracellular)
1 0 30E+12 36E+406 97E+04 120 32 ND ND ND
2 50E+06 27E+12 11E+4+06 50E+04 40 18 34E + 06 0.32 0.01
3 45E4+06 84E+12 44E+07 10E+07 523 119 39E+06 113 27
1 50E+06 3.0E+12 38E+06 35E+04 126 12 27E+06 14 0.01
2 45E+06 10E+13 20E+06 12E+05 20 12 33E+06 0.6 0.04
3 12E+06 17E+13 13E+07 75E+06 76 44 2.0E + 06 6.5 3.8

ND, not determined.

included in the first round; however, the majori
of these antibodies {greater than 90%) also bound
fibroblasts (data not shown). Thus, depletion
during each round of selection was essential for
the selection of cell-specific antibodies. Subsequent
characterization focused only on the library which
had been depleted during each round of selection.
Since SKBR3 cells are known to express hi

levels of the internalizing receptor ErbB2, bacterial
supernatants containing soluble scFv were
screened for binding to ErbB2 extracellular domain
(ECD) by ELISA. After three rounds of selection,
29/135 clones (21 %) bound ErbB2 ECD (Table 2).
This represents approximately 50% of the anti-
bodies which bound SKBR3 cells. The number of
unique ErbB2 binders was determined by PCR fin-
gerprinting of the 29 ELISA positive clones fol-
lowed by DNA sequencing. Two unique ErbB2-
binding human scFv (F5 and C1) were identified.
Neither of these antibodies was similar in sequence
to the 14 anti-ErbB2 scFv obtained selecting the
same phage antibody library on purified recombi-
nant ErbB2 ECD (Sheets ¢t al., 1998).

Further characterization of ErbB2
binding antibodies

F5 and C1 phage antibodies were analyzed for
binding to a panel of cell lines whose ErbB2

Table 2. Frequency of binding clones after selection of a

phage library on SKBR3 cells
ErbB2 positive  SKBR3 positive
Round of selection phage (%)* phage (%)°
1 (First round no depletion) ND ND
2 0.50 ND
3 1.10 ND
1 (First round depleted) ND ND
2 5.10 11.70
3 21.40 4070

ND, not determined.

* As determined by ELISA of 96 random clones on recombi-
nant ErbB2 ECD.

® As determined by ELISA of 96 random clones on SKBR3
cells.

expression had been described (Lewis ef al., 1993).
They both stained SKBR3 and SKOV3 cells
strongly, stained MCF7 cells weakly and did not
stain fibroblasts and the normal breast cell line
Hs578Bst (Table 3). The same profile was observed
using phage displaying the C6.5 scPv that recog-
nizes ErbB2 (Schier ef al., 1995) and the anti-ErbB2
monoclonal antibody 4D5 (Sarup et al,, 1991). F5
and C1 did not stain Chinese hamster ovary
(CHO) cells or CHO cells transfected with the EGF
receptor but did stain CHO cells transfected with
ErbB2 (not shown). For subsequent studies, the F5
and Cl scFv genes were subcloned into a vector
which fused a C-terminal hexahistidine sequence,
expressed from Escherichia coli TG1 and purified by
immobilized metal affinity chromatography
(IMAC). Gel filtration analysis indicated that both
F5 (Figure 1) and C1 existed exclusively as mono-
meric scFv with no apparent spontaneous dimeri-
zation or aggregation as seen with some scFv

Table 3. Characterization of phage antibody binding to
a panel of cells by flow cytometry

Cell type

Primary
antibody SKBR3  MCF7 SKOV3 LNCaP Fibroblasts
A. ErbB2 positive scFy-phage

Cé5 526 15 670 nd 1
F5 4867 123 5839 nd 11
C1 858 0 566 nd 0
4D5

(Mab) 600 29 586 nd 2
B. ErbB2 negative scFu-phage

3TE3 1056 1002 416 nd 130
H7 4003 1219 945 nd 93
3TB5 225 301 336 199 9
2TF5 1973 495 805 nd 0
3TH8 153 1 353 1 0
3TG5 469 80 714 82 3
3TF12 611 83 31 233 7
2TB4 138 3 1 nd 1
C21 181 8 81 nd 1
3GDs8 103 6 1154 45 0

nd, not determined.
* Results are expressed in mean fluorescent intensity (MFI)
minus background fluorescence.
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Figure 1. Gel filtration analysis of purified F5 scFv
and diabody. F5 scFv and diabody were purified by
IMAC and analyzed by gel filtration on a Sephadex 200
column. The mobility of the scFv was consistent with a
molecular mass of 25 kDa, with no evidence of dimeri-
zation {the mobility of the diabody peak).

(Griffiths et al., 1993). F5 bound recombinant ErbB2
with a Kp =1.6 x 107 M as measured by surface
plasmon resonance (SPR) in a BlAcore, and bound
ErbB2 on SKBR3 cells with a Kp =136 x 1077 M.
The Kp value of C1 was at least tenfold lower.
Interestingly, these two scFv recognized the same
epitope on ErbB2 as determined by competition
ELISA (Figure 2(a)). This epitope was different
than the epitope recognized by the human scFv
phage antibody C6.5 and the murine monoclonal
antibody 4D5 (Figure 2{a) and (b)). Since F5 and
Cl recognized the same epitope, subsequent
characterizations were performed using the higher
affinity F5. F5 detected a band of the appropriate
size for ErbB2 in a Western blot of the SKBR3 cell
lysate (Figure 2(c)) and could immunoprecipitate
ErbB2 from a SKBR3 cell lysate (Figure 2(d)).

Further characterization of non-ErbB2
binding antibodies

To characterize further the specificity of non-
ErbB2 binding antibodies, phage were analyzed for
binding to a panel of tumor and normal cell lines
using flow cytometry. Phage were used for these
studies rather than native soluble scFv because
phage generate stronger signals due to signal
amplification that results from the multiple copies
of the major coat protein pVIIL To identify unique
antibodies for flow cytometry studies, the scFv
gene was PCR amplified from 18 SKBR3 positive
and ErbB2 ECD negative clones and fingerprinted
using the frequently cutting restriction enzyme
BstN1. Ten unique fingerprint patterns were ident-

ified representing ten unique antibodies. Phage
were prepared from each different pattern and
used to stain a panel of human cell lines (normal
human fibroblasts, the breast tumor cell lines
SKBR3 andMCF7, the ovarian tumor cell line
SKOV3 and the prostate tumor cell line LNCaP).
All ten phage antibodies stained SKBR3 cells beiter
than fibroblasts as measured by flow cytometry
(Table 3). Some phage antibodies stain all tumor
cell lines (clones 3TE3, H7, 3TB5 and 2TF5) with a
high intensity while others stain only subsets of
cells (SKBR3 and SKOV3 cells: clones 3TH8 and
3TG5, SKBR3 and LNCaP cells: clone 3TF12,
SKBR3 cells: clones 2TB4 and C2-1, or SKOV3 cells:
clone 3GD8). We selected one of these phage anti-
bodies that bound all tumor cells analyzed (H7) for
further characterization.

H7 phage antibody binds the
transferrin receptor

The H7 scFv gene was subcloned, expressed and
purified by IMAC as described above. Like F5 and
C1 scFv, gel filtration analysis indicated that H7
existed exclusively as monomeric scFv with no
apparent spontaneous dimerization or aggregation.
To identify the receptor bound by H7 scFv, initially
we attempted to detect an immunoreactive band
by Western blotting. However, no immunoreactive
bands were apparent in a blot of SKBR3 cell lysate
(Figure 2(c)). We therefore used the H7 scFv to
immunoprecipitate membrane biotinylated SKBR3
cell extracts. For this experiment, H7 scFv was
bound to Ni-NTA agarose, and biotinylated cell
extracts were incubated with the loaded agarose
beads. Bound immunocomplexes were eluted
using immidazole, the eluted fractions run on an
SDS-8% (w/v) PAGE, transfered onto nitrocellu-
lose and blotted with a streptavidin-HRP conju-
gate. A major band running at 90 kDa {p90) was
detected. The same procedure was used to quanti-
tatively purifiy p90 from native cell lysates for
N-terminal protein sequencing. The sequence cor-
responded to the N-terminal sequence of the trans-
ferrin receptor (TfR) (Schneider et al., 1983). The
identity of p90, was confirmed by analyzing immu-
noprecipitates of SKBR3 lysates obtained with H7
scFv using a monoclonal anti-TfR antibody (White
et al., 1992) (Figure 2(d)).

F5 and H7 phage antibodies and native scFv
are rapidly internalized by SKBR3 celis

To determine whether F5 and H7 phage anti-
bodies were endocytosed, we incubated phage
with SKBR3 cells and identified internalized phage
using an ant-pVIIl antibody and confocal

microscopy (Figure 3). Both F5 and H7 phage gave
strong intracellular staining. In contrast, a control
anti-botulinum phage antibody (Amersdorfer et al.,
1997} gave no intracellular staining and the anti-
ErbB2 phage antibody C6.5 gave significantly less
intracellular staining. This is consistent with pre-
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Figure 2. Characterization of anti-ErbB2 and anti-transferrin receptor scFv. (a) Epitope mapping of the F5 and C1
anti-ErbB2 scFv. The epitope recognized by the F5 and C1 scFv selected for internalization were compared to the
ErbB2 epitope recognized by the scFv C6.5 selected on recombinant ErbB2 protein. For epitope mapping, the ability
of purified C6.5, F5, and C1 scFv to block the binding of F5 phage (left panel), C1 phage (middle panel), and C6.5
phage (right panel) to ErbB2 expressing SKBR3 cells was determined by flow cytometry. F5 and C1 compete with
each other for binding and recognize a distinct epitope from C6.5. (b) Epitope mapping of F5 and C6.5 scFv versus
4D5 IgG. The F5 and C6.5 epitopes were compared to the 4D5 epitope by BlAcore. 4D5 IgG was coupled to a sensor
chip and ErbB2 was allowed to bind. The ability of C6.5 scFv, F5 scFv and 4D5 IgG to bind to ErbB2 was deter-
mined. Both C6.5 and F5 were able to bind, indicating a distinct epitope from 4D5. (c) Western blot of SKBR3 cell
lysate using C6.5, F5, and H7 scFv. Both F5 and C6.5 recognize a band the appropriate size for ErbB2. No staining is
seen with the H7 scFv. (d) Immunoprecipitation of ErbB2 and transferrin receptor from SKBRS3 cell lysate using F5,
C6.5 and H7 scPv. After immunoprecipitation with the appropriate scPv, lystates were run on SDS-PAGE, transferred

to nitrocellulose and stained with either anti-ErbB2 or anti-transferrin receptor antibody. All scFv were able to immu-
noprecipitate their target antigen.

vious studies showing minimal endocytosis of C6.5  native scFv was also analyzed for internalization
phage (Becerril ef al, 1999). Internalization was into SKBR3 cells by confocal microscopy, with
detected as soon as five minutes after application  endocytosed scFv detected with the monoclonal
of F5-phage and 15 minutes after application of antibody 9E10 which recognizes the C-terminal
H7-phage (not shown). Purified and gelfiltered myc-tag. As previously shown, both F5 and H7
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Figure 3. F5 anti-ErbB2 and H7
anti-transferrin phage are endocy-
tosed by SKBR3 cells. Cells were
incubated with either anti-EtbB2
phage antibodies F5 (b) and C6.5
{d), anti-transferrin receptor phage
antibody H7 (¢), or an irrelevant
anti-botulinum phage antibody (a).
Endocytosis was determined by
staining with anti-M13 antibody
and analyzing the results by confo-
cal microscopy. Only F5 and H7
phage antibodies show significant
intracellular staining.

scFv were monomeric in solution (Figure 1). Both  Growth inhibitory effects of F5 and H7 scFv on
F5 and H7 scFv gave strong intracellular staining, = SKBRS3 cells
whereas no intracellular staining was seen using

the control anti-botulinum scFv and minimal intra- Since the H7 and F5 antibodies bound to cell
cellular staining was observed with the anti-ErbB2  surface receptors in a manner that induced endocy-
Cé6.5 scFv (Figure 4). tosis, we evaluated whether there was any associ-

Figure 4. F5 anti-ErbB2 and H7
anti-transferrin  receptor scFv are
endocytosed by SKBR3 cells. Cells
were incubated with either anti-
ErbB2 scFv F5 (b) and C6.5 (d),
anti-transferrin receptor scFv H7
(c), or an irrelevant anti-botulinum
scFv (a). Endocytosis was deter-
mined by staining with an anti-
myc tag antibody, which recog-
nizes a C-terminal epitope tag on
the scFv, and analyzing the results
by confocal microscopy. Only F5
and H7 phage scFv show signifi-
cant intracellular staining.
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Figure 5. Effects of anti-ErbB2 antibodies F5, C6.5 and
4D5 on SKBR3 cell growth. The ability of F5 scFy, F5
 diabody, C6.5 scFv, C6.5 diabody, and 4D5 IgG to inhi-
bit the growth of SKBR3 cells was determined. Only
4D5 showed a dose-dependent growth inhibition.

ated biologic activity with respect to growth inhi-
bition. As antibody-induced internalization can
potentially increase the turnover of ErbB2 recep-
tors, reduce the density of cell surface receptors
and have an effect on cell growth (Sarup et al.,
1991; Tagliabue ef al., 1991), we tested the effects of
F5 scFv on SKBR3 cell growth. F5 scFv had no
effect on cell growth at concentrations up to
300 nM (10 ug/ml) while the control mAb 4D5
inhibited cell growth of 50 % after five days of cul-
ture at a concentration of 5nM as published
(Sarup et al., 1991) (Figure 5). Since no inhibitory
effect had been observed with monovalent deriva-
tives of growth inhibitory ErbB2 antibodies (Sarup
et al., 1991; Shawver et al., 1994), we constructed a
bivalent format of F5 scFv (diabody F5) by shorten-
ing the linker between the immunoglobulin heavy
chain variable domain (Vy) and light chain vari-
able domain (V) from 15 to five amino acid resi-
dues. This prevents intramolecular pairing of the
Vy and V, resulting in intermolecular pairing and
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creation of an scFv dimer termed a diabody
(Holliger et al., 1993). The expected size of the F5
diabody was confirmed by gel filtration (Figure 1)
and the functional affinity measured as 16 nM. The
diabody F5 had no effect on SKBR3 growth
(Figure 5). Similarly, neither scFv C6.5 or diabody
C6.5 inhibited SKBR3 growth. In contrast the anti-
ErbB2 antibody 4D5 showed dose-dependent
growth inhibition as an IgG. While the results
argue against a growth inhibitory effect for the F5
antibody, the distances between the antigen com-
bining sites as well as binding site flexibility are
different for diabodies and IgG. Whether F5 would
cause growth inhibition as an IgG is unknown.

We also tested the ability of F5 scFv to induce
downstream signaling upon ErbB2 binding.
Starved CHO-ErbB2 cells were stimulated with
monovalent (scFv) and bivalent (diabody) formats
of F5. Both induced weak tyrosine phosphorylation
of ErbB2 while the monoclonal antibody 4D5
induced strong phosphorylation (data not shown).
The bivalent F5 diabody was also able weakly to
activate the MAP kinase cascade as shown by SDS-
PAGE band shift using an anti-Erk antibody (data
not shown).

H7-scFv was also tested for SKBR3 growth inhi-
bition in parallel with an irrelevant anti-botulinum
scFv or with the 4D5 antiEtbB2 mAb. We
observed a strong inhibitory effect (50%) on cell
growth using H7-scFv at a concentration of
300nM (10 pg/ml). The extent of inhibition
obtained was comparable to the maximal effect
obtained using 4D5 and no inhibition was obtained
with the irrelevant scFv (Figure 6(a)). Anti-TfR
antibodies generated using hybridoma technology
have also been associated with a growth inhibitory
effect (Kovar et al., 1995; Valentini et al., 1994). To
investigate the mechanism of the H7 scFv antagon-
ist effect on cell growth, we studied the effect of
holotransferrin (iron charged transferrin) on the
binding of H7-phage antibodies to SKBR3 cells.
Holotransferrin was able to inhibit H7 phage anti-
body binding to SKBR3 cells (IC5, 10 nM)
(Figure 6(b)). Control experiments included inhi-
bition of H7-phage binding with soluble scFy-H7

Figure 6. The anti-transferrin
scFv H7 inhibits the growth of
SKBR3 cells and is a mimic of the
ligand holotransferrin. (2) Compari-
son of the growth inhibitory effect
of anti-transferrin receptor H7 scFv
and anti-ErbB2 IgG 4D5 on SKBR3
cells. Both antibodies exhibited
dose-dependent growth inhibition.

0 0.1 H 1;.) li;i} 1000
Antibody (nM)

0 Q.&l jS
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(b) Competition between H7 scFv
and holotransferrin for binding to
SKBR3 cells.
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(IC5; 100 nM) and non-inhibition by irrelevant
anti-ErbB2 F5 scFv. Holotransferrin also did not
inhibit binding of SKBR3 cells by anti-ErbB2
F5-phage antibody. We conclude that the H7 scFv
is an antagonist of transferrin binding to TIR.
Transferrin, the physiological ligand of TfR, is a
major carrier for iron and is rapidly internalized
upon TfR binding. H7 scFv’s inhibitory effect on
SKBR3 growth may result from the combined
effects of inhibition of holotransferrin endocytosis
and of down regulation of TfR from the cell surface
leading to intracellular iron depletion.

-Comparison of internalization of F5 phage
versus C6.5 phage

We have previously shown that C6.5 scFv dis-
played monovalently in a phagemid system was
only minimally internalized, either as analyzed by
confocal microscopy or by recovery of infectious
phage from within the cytosol. In this system,
enrichment ratios for C6.5 phagemids were only
sevenfold above background, suggesting that suc-
cessful selection from a library of monoclonal bin-
ders would be difficult. To understand better the
successful selection of F5 and other monovalently
displayed scFv from a phagemid library, we com-
pared the internalization rate of F5 phagemid ver-
sus €65 phage with respect to recovery of
infectious phage particles. After 120 minutes of
incubation with 3.0 x 10° to 3.0 x 10° phage, sig-
nificantly more F5 phagemid were recovered than
C6.5 phagemid. In fact, F5 scFv displayed monova-
lently in a phagemid was taken up by ErbB2
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o 1B Qe F5 phagemid e
o
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Figure 7. Titer of endocytosed phage as a function of
applied phage titer. Varying concentrations of F5 phage-
mid, C6.5 phagemid, or C6.5 phage (input) were incu-
bated with SKBR3 cells. Surface bound phage were
removed with multiple low pH glycine washes and the
titer on internalized phage (output) measured by infec-
tion of E. coli.
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expressing cells to a comparable extent as C6.5
scFv displayed multivalently in a phage vector
(Figure 7).

Discussion

Phage antibody libraries have become an import-
ant resource for the development of reagent, diag-
nostic, and therapeutic antibodies. Large non-
immune libraries serve as a single pot resource for
the rapid generation of human antibodies to a
wide range of self and non-self antigens, including
tumor growth factor receptors. Most of the anti-
bodies isolated from combinatorial libraries
expressed on phage have been selected using puri-
fied antigens or peptides immobilized on artificial
surfaces, This approach may select antibodies that
do not recognize the native protein in a physiologic
context, especially with large molecular mass cell
surface receptors. Attempts have been made to
select antigen in native conformation using either
cell lysates (Parren et al., 1996; Sanna et al., 1995;
Sawyer ef al., 1997) fixed cells (Van Ewijk et al,
1997) or living cells (Andersen ¢f al., 1996; Cai &
Garen, 1995; de Kruif ef 4l., 1995; Marks ef al., 1993;
Osbourn et al., 1998; Siegel et al., 1997). Such
approaches, because of the heterogeneity of the
starting material, require elaborate protocols
including subtractive steps to avoid the selection of
irrelevant antibodies. The few successful selections
performed on heterogenous material were gener-
ally done using small libraries from immunized
sources. There are only three reports of successful
selection on cells using large non-immune libraries
{de Kruif ef gl., 1995; Marks et al., 1993; Vaughan
et al., 1996). The use of immunized libraries limits
the spectrum of antigen specificities that can poten-
tially be obtained from the same library and typi-
cally yield murine antibodies.

The step limiting the selection of binders from
large naive libraries by cell panning seems to be
the relatively high background binding of non-
specific phage and relatively low binding of
specific phage (Becerril ef al., 1999; Pereira et al.,
1997; Watters ef al., 1997). The low binding of
specific phage is partially related to the low con-
centration of a given binding phage in the polyclo-
nal preparation (approximately 1.6 x 10~ M for a
single member of a 10° library in a phage prep-
aration of 1.0 x 10" particles/ml). The low concen-
tration simultaneously limits the efficiency of both
subtraction of common binders and enrichment of
specific binders. To overcome this limitation, we
sought to take advantage of normal cell surface
receptor biology. Many receptors undergo endocy-
tosis upon ligand binding. Antibodies can mimic
this process, causing receptor aggregation and
endocytosis of the antibody upon binding. We
hypothesized that enrichment ratios of specific bin-
ders could be significantly increased by recovering
endocytosed phage antibodies from the cytosol
after stringent removal of non-specific phage from
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the cell surface. Using a model system employing
an anti-ErbB2 phage antibody, we found that
enrichment of specific versus non-specific phage
ranged from 3.5 to 146-fold for endocytosed phage
compared to 27 to 20-fold for surface-bound
phage (Becerril et al., 1999). However, the highest
values were found only for dimeric antibody
species, either dimeric diabodies displayed mono-
valently in a phagemid vector or scFv displayed
multivalently in a phage vector. This is not surpris-
ing, since the literature indicates that with rare
exceptions, antibodies must be bivalent IgG to
induce receptor cross-linking and endocytosis. All
large non-immune libraries display monovalent
antibody fragments (either scFv or Fab) as single
copies using a phagemid vector. Thus, successful
selection of internalizing antibodies from such
libraries would either require that: (1) the scFv
formed spontaneous diabody dimers, as has been
reported for some scFv; (2) the monovalent scFv
mimicked the natural receptor ligand leading to
receptor aggregation and endocytosis; or (3)
increased phage display levels of some scFv
resulted in greater than one scFv per phage.

Here, we report the successful application of this
methodology to select internalizing antibody frag-
ments from scFv libraries displayed monovalently
on phage. A large panel of scFv were selected by
panning on the tumor cell line SKBR3 which does
not recognize normal human fibroblasts. The rela-
tively small number of scFv analyzed have differ-
ing patterns of reactivity for other tumor cell lines.
Based on the diversity of binders observed in the
small sample analyzed (ten different antibodies out
of 18 analyzed), hundreds to thousands of different
binders with different specificities are likely to be
present. To understand better the properties of the
selected antibodies, we studied three in detail, two
anti-ErbB2 and one that was determined to bind
the transferrin receptor. All three were efficiently
- endocytosed into the target cell line, both as phage
and as native monomeric scPv antibody fragments.
Somewhat to our surprise, the three scFv did not
spontaneously dimerize or aggregate as an expla-
nation for their efficient endocytosis Rather, the
data suggest that some scPv, such as the anti-trans-
ferrin receptor antibody, act as ligand mimetics
resulting in conformational receptor changes which
trigger endocytosis. This may also be the case with
the anti-ErbB2 scFv; however, this cannot be stu-
died, since the natural ligand for ErbB2 homodi-
merization is unknown. Since the anti-ErbB2 scFv
recognize ErbB2 in a Western blot, it is unlikely
that they are endocytosed by binding an epitope
present only on dimerized ErbB2.

When compared to the model C6.5 anti-ErbB2
scFv, the internalizing anti-ErbB2 F5 scFv was
endocytosed as efficiently when displayed mono-
merically in a phagemid system as C6.5 displayed
multivalently on phage. This result explains how
we were able successfully to select internalizing
antibodies from an scFv phagemid library and
reconciles our results with observations from the

model system. Our results indicate that selection of
antibody fragment libraries displayed on phagemid
yields antibodies which are endocytosed as mono-
mers. This is likely to be only a small subset of anti-
bodies capable of triggering receptor-mediated
endocytosis, limited to those antibodies capable of
mimicking natural ligand binding or otherwise
inducing conformational receptor changes leading
to receptor aggregation. Most antibodies require a
multivalent format to induce receptor cross-linking
and endocytosis. Thus, construction of diabody
libraries in a phagemid vector or scFv or Fab
libraries in a phage vector (Griffiths ef al., 1994)
should open up this selection approach to more epi-
topes on more target antigens. Our model system
results indicate that the most efficient selection for-
mat would be display on phage, an approach which
is presently under investigation.

The major advantage of selecting for internaliz-
ing antibodies is that one selects for antibodies that
trigger a biologic function, not just antibodies that
bind. In this case the biologic function is receptor-
mediated endocytosis. Such antibodies are likely to
have significant therapeutic utility. Use of receptor-
mediated endocytosis as a drug delivery route
allows delivery of the therapeutic agent specifically
into target cells that overexpress the receptor,
thereby increasing efficacy while reducing systemic
toxicity. In addition, many “drugs” require deliv-

into the cell for activity (for example, genes
and toxins). In some instances, internalization can
also be used as a surrogate marker for desirable
biological effects of the antibody, for example
apoptosis, growth inhibition or growth stimulation.
Indeed, we observed a significant growth inhibi-
tory effect of the anti-transferrin scFv on cancer
cells. Thus, antibodies selected using this approach
may have a direct therapeutic effect, as well as the
ability to deliver drugs into the cytosol. Since
many antibodies generated by conventional means
are not endocytosed, this selection strategy pro-
vides a more efficient route to generating interna-
lizing antibodies compared to selecting on protein
antigens and screening antibodies for endocytosis.
For example, screening the same non-immune
library on recombinant ErbB2 extracellular domain
did not yield either the F5 or C1 internalizing scFv,
perhaps because their Ky, values were significantly
higher than other anti-ErbB2 scFv isolated.

As an indicator of potential therapeutic utility of
antibodies selected for internalization, we have
conjugated the F5 anti-ErbB2 scFv to the surface of
commercial liposomal doxorubicin converting it
into fully functional doxorubicin-loaded anti-ErbB2
immunoliposomes (Nielsen et 4l., unpublished
results). The resulting immunoliposomes have
superior efficacy in ErbB2 overexpressing mouse
xenograft models compared to untargeted liposo-
mal doxorubicin. Based on preclinical data,
expression of the F5 scPv has been scaled up for
toxicology studies, ¢GMP manufacture, and an
anticipated phase 1 clinical trial in breast cancer
commengcing in 2001 (Glaser, 1998).
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In summary, we have developed a method for
selecting internalizing antibody fragments from
phage antibody libraries. The approach can be
used to generate internalizing antibodies to known
receptors and to identify novel cell surface recep-
tors. The antibodies generated can be used to
target therapeutic molecules to the cytosol and
in some instances will exert a direct cellular bio-
logic effect via their ability to modulate receptor
function.

Materials and Methods
Cell culture

Normal human fibroblasts and MCF7 cells were
grown in DMEM, 10% (v/v) fetal bovine serum (FBS)
{Hyclone), normal human breast cell line Hs 518Bst
{ATCC) in DMEM, 10% fetal calf serum (FCS) comple-
mented with 10pg/ml bovine insulin and 30 ng/ml epi-
dermal growth factor (EGF), SKBR3 in RPMI, 10% FBS,
CHO in F12, 10% FBS and CHO-EGFR {Morrison ef 4l.,

- 1993} and CHO-ErbB2 (a gift from Keith Marshall) in
F12, 10% complemented with 0.5 mg/mi G418.

Selection of internalizing phage antibodies

A total of five million freshly trypsinized normal
human fibroblasts and 10" cfu of the phage library
(Sheets et gl., 1998} were diluted in 10 mi of ice-cold
RPMI, 10% FCS and added to sub-confluent SKBR3 cells
grown in a 10 cm diameter plate. After 1.5 hours of incu-
bation at 4°C on a rocker, the cells were washed six
times with PBS, covered with prewarmed culture med-
fum and returned to 37°C. After 15 minutes, the cell sur-
face was stripped by three incubations of ten minutes
with 4 ml of glycine buffer (500 mM NaCl, 0.1 M glycine
{pH 2.5)). The cells were then frypsinized washed with
50 ml of PBS again, lysed with 1 ml of 100 mM TEA for
four minutes at 4°C and neutralized with 0.5 ml of
0.5 M Tris (pH 7.4). The phage content of the TEA lysate
and the first two glycine washes (neutralized with
1 ml of 0.5M Tris (pH 7.4)) was titered by infection of
Escherichia coli TG1 to monitor the selection. Internalized
phage (TEA lysate) were amplified for another round of
selection. Three rounds of selection were performed.

Initial characterization of binders by ELISA

After two and three rounds of selection, soluble scPv
was expressed (De Bellis & Schwartz, 1990) from single
colonies grown in 96-well microtiter plates as described
(Marks ef al, 1991). Crude culture supernatant were
tested in ELISA for ErbB2 binding as described {Schier
et al., 1996a). In parallel, the bacterial supernatant was
tested by cell ELISA on SKBR3 cells and on fibroblasts.
Cells were distributed in conical 96-well plates (500,000
cells per well) and then centrifuged at 300 g for three
minutes. The cell pellet was resuspended in 100 ul of
bacterial supernatant diluted twofold with PBS, 4%
{v/v) skimmed milk and incubated for one hour at 4°C
on a rocker. After two washes with cold PBS (done by
resuspending the cell pellet in 180 pl of PBS and a three
minute centrifugation at 300 g), the bound scFv were
detected viz their C-terminal myc-tag (Munro & Pelham,
1986} using the monoclonal antibody 9E10 and peroxi-
dase conjugated anti-mouse Fc (Sigma). The diversity of

ELISA positive clones was determined by PCR amplify-
ing and DNA fingerprinting the scFv gene with BstN1 as
described (Marks et al., 1991). Unique scPv fingerprint
patterns were sequenced using a Sequitherm sequencing
kit (Epicentre).

ScFv expression and purification

To facilitate purification of soluble scFv, the scFv
genes were subcloned into the expression vector
pUC119mycHis (Schier ef al., 1995) resulting in the
addition of a hexahistidine tag at the C-terminal end of
the scFv. The scFv were purified from periplasmic frac-
tons of E. coli TG1 by IMAC (Hochuli ¢t al., 1988), using
a Ni-NTA column (Qiagen}, and gel filtration, as pub-
lished (Schier ef al., 1996b) except that the running buffer
after gel filtration was PBS instead of hepes-buffered
saline (HBS) for cell culture applications. Alternatively,
the scPv genes were PCR amplified using the primer
LMB3 (Marks ef al., 1991) and fd-FLAG primers before
subcloning into pUC119mycHis, resulting in the addition
of the flag tag at the N terminus of the scFv.

Immunofiuorescence

Cells were grown on coverslips to 50% of confluency
in six well-plates and incubated with phage particles or
purified scFv for two hours at 37 °C. The coverslips were
washed six times with PBS, three times for ten minutes
with glycine buffer (50 mM glycine (pH 2.8), 500 mM
NaCl), neutralized with PBS and fixed with PBS contain-
ing 4% (w/v) paraformaldehyde for five minutes at RT.
Cells were permeabilized with cold acetone for 30
seconds. and saturated with PBS, 1% BSA. Antibodies
were diluted with saturation solution. Intracellular
phages were detected with biotinylated anti-M13 poly-
clonal antibody directed against the pVIIl major phage
coat protein (5 Prime, 3 Prime Inc) and streptavidin-
Texas Red conjugate (Amersham) both diluted 300 times.
Intracellular scFv were detected using the 9E10 mAb
(1 pg/ml) (Santa Cruz), an anti-mouse biotinylated anti-
body {Amersham; diluted 200 times} and streptavidin-
Texas Red. Coverslips were inverted on a slide on
mounting medium and optical confocal sections were
taken using a Bio-Rad MRC 1024 scanning laser confocal
microscope. Immumofluorescent microscopy was per-
formed with a Zeiss Axioskop UV fluorescent micro-
scope.

Analysis of phage binding by flow cytometry

Experiments were performed at 4°C. Aliquots of
100,000 cells resuspended in FACS buffer (PBS, 1% FBS)
were distributed in conical 96-well microtiter plates and
incubated with 100 pl of phage antibodies (typically
titering about 5.0 x 10" cfu/ml) diluted in PBS, 4% milk
for one hour at 4°C. After two PBS washes, bound
phage were detected by resuspending the cell pellet in
100 mi of biotinylated anti-M13 sheep antibody diluted
300 times in FACS buffer (30 minutes). Cells were
washed again and incubated with streptavidin-phyco-
erithrine conjugated (PE} (Jackson} for 15 minutes and
analyzed using a FacScan (Becton Dickinson). For com-
petition experiments, SKBR3 cells were preincubated
with various concentrations of soluble scPv or holo-
transferrin (Sigma) for one hour at 4°C. Phage antibodies
were added (titer between 10° and 5.0 x 10° cfu per
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well), incubated one hour at 4°C and bound phage
detected as described above.

Affinity measurement and epitope mapping with
the BlAcore

On and off-rates were determined using SPR in a BIA-
corel000. Approximately 800 RU of ErbB2 ECD were
coupled to a CM5 sensor chip as described (Schier,
1995). Association and dissociation rates were measured
under continuous flow of HBS at 15 ul/minute usin
concentrations ranging from 100 nM to 1200 nM and cal-
culated using the BlAanalysis software. For epitope map-
ping, mAb 4D5 was diluted to 10 pg/ml in 10 mM
sodium acetate (pH 4.5), for direct immobilization of
3000 RU to the chip surface.

Affinity measurement on cells

SKOV3 cells were grown to 80-90% confluence in
RPMI supplemented with 10% FCS. Cells were har-
vested by trypsinization. ScFv were incubated with
1 x 10° cells for two hours at varying concentrations.
Cell binding was at room temperature in PBS containing
1% (w/v) BSA and 0.1% (w/v) sodium azide in a total
volume of 200 ul. After two washes in PBS/BSA, bound
scFv was detected with saturating amounts of FITC-
labeled anti-FLAG clone M1 (10 pug/ml). After 30 min-
utes of incubation cells were washed twice and resus-
pended in PBS containing 1% paraformaldehyde.
Fluorescence was measured in a FACSort™ and median
fluorescence calculated using the Cellquest™ software
and Kj, calculated (Benedict ef 4l., 1997).

Cell growth inhibition assay

A total of 100 pl of 10° cells/ml were plated in 96-well
plates. Four hours later, 100 pl of antibody solutions
diluted in culture medium were added and cells incu-
bated for three to five days. The number of living cells
was estimated using the CellTiter 96 AQueous cell
growth assay kit {Promega).

Western blot and immunoprecipitation using
scFv antibodies

SKBR3 cell extracts were prepared using 0.5 ml of
lysis buffer (0.4% (v/v) NP40, 50 mM Tris (pH 7.4),
150 mM NaCl, 2 mM DTT, 1 mM PMSF, aprotinin, leu-
peptin) per confluent 10 cm plate. Cell Iysates were run
on a SDS-PAGE and transferred onto nitrocellulose
membranes. Blots were incubated with scFv (10 pg/ml
in PBS, 0.05%, Tween 1% BSA) overnight at 4°C. Blots
were washed and scPv detected using 9E10 anti-myc tag
antibody (0.1 pg/ml) and HRP conjugated anti-mouse Ig
(Amersham). For immunoprecipitation, a dialyzed peri-
plasmic fraction containing the scFv from a 500 mi cul-
ture of E. coli TG1 was loaded onto 500 pl of a Ni-NTA
agarose column. The beads were washed once with PBS,
35 mM imidazole. Then 100 pl of the scFv-loaded Ni-
NTA agarose (50% slurry) was used to immunoprecipi-
tate 0.5 ml of SKBR3 cell extract. Immunoprecipitates
were analyzed by Western blotting using scFv-F5 or
scPv-H7, anti-ErbB2 (Santa Cruz) or anti-human transfer-
rin receptor (TfR) H68.4 mAb (White ef al., 1992) (a gift
from Keith Mostov, UCSF). Alternatively, the cell surface
was biotinylated prior to cell lysis and immunoprecipita-
tion. Cells (from a 10 cm diameter confluent plate) were

washed twice with cold PBS and incubated with 3 ml of
2 0.1 mg/ml solution of Sulfo-NHS-LC-biotin (Pierce)
freshly dissolved in PBS containing 0.1 mM CaCl, and
1 mM MgCl, at 4°C for 20 minutes. The reaction was
quenched by two washes with cold PBS, 50 mM glycine.
After a final wash with PBS, cells were lysed with 0.5 mi
of lysis buffer. Immunoprecipitation was performed as
described above and analyzed by Western blot using
HRP-conjugated streptavidin.

Purification of antigen using scFv antibodies

A total of 200 pl of a scFv-H7-Ni-NTA agarose column
were loaded twice with a SKBR3 cell lysate correspond-
ing to 3.0 x 10° cells. The column was washed with PBS,
35 mM immidazole, and resuspended directly in 100 pl
of Laemli loading buffer 4 x . The immunoprecipitate
was run on a 6% gel, transferred onto PVDF membrane
and stained with Ponceau S. The N-terminal protein
sequence was determined by Edman sequencing.

Signaling studies

Confluent CHO-ErbB2 cells grown in 6 cm diameter
plates were serum starved overnight and stimulated
with antibodies for five minutes or one hour and lyzed
in 300 pl of lysis buffer complemented with sodium
orthovanadate. The ErbB2 phosphorylation level was
analyzed by Western blot using the anti-phosphotyrosine
mAb 4G10 (UBI) and HRP-conjugated anti-mouse IgG
(Amersham). ErbB2 levels were checked with the anti-
ErbB2 C-18 rabbit polyclonal antibodies {Santa Cruz).
MAPkinases Erkl and Erk2 were detected using the anti-
Erkl K-23 antibody {Santa Cruz) that cross-reacts with
Erk2.
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Abstract

Many targeted cancer therapies require endocytosis of the targeting molecule and delivery of the therapeutic agent to the interior of the
tumor cell. To generate single chain Fv (scFv) antibodies capable of triggering receptor-mediated endocytosis, we previously developed a
method to directly select phage antibodies for internalization by recovering infectious phage from the cytoplasm of the target cell. Using this
methodology, we reported the selection of a panel of scFv that were internalized into breast cancer cells from a nonimmune phage library. For
this work, an immunotherapeutic was generated from one of these scFy (F5), which bound to ErbB2 (HER2/neu). The F5 scFv was
reengineered with a C-terminal cysteine, expressed at high levels in Escherichia coli, and coupled to sterically stabilized liposomes. F5 anti-
ErbB2 immunoliposomes were immunoreactive as determined by surface plasmon resonance (SPR) and were avidly internatized by ErbB2-
expressing tumor cell lines in proportion to the levels of ErbB2 expression. F5-scFv targeted liposomes containing doxorubicin had antitumor
activity and produced significant reduction in fumor size in xenografied mice compared to nontargeted liposomes containing doxorubicin.
This strategy should be applicable o generate immunotherapeutics for other malignancies by selecting phage antibodies for internalization
into other tumor types and using the scFv to target liposomes or other nanoparticles.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Immunoliposome; Immunotherapy; Receptor mediated endocytosis; ErbB2; Phage antibody library; Single chain Fv; scFv; Tumor targeting

1. Introduction phage antibody technology [4]. This usually involves gen-
erating and examining antibodies recognizing specific tar-
Many targeted therapeutic approaches to cancer require gets. While such approaches may take the biology of the
endocytosis of the targeting molecule and delivery of the target receptor into account, they do not necessarily select
therapeutic agent to the interior of the tumor cell. Such drug for the requisite biology of the antibody, triggering receptor
targeting strategies rely on the use of ligands capable of endocytosis. This limits the availability of useful targeting
binding to tumor cell surface receptors in a manner that antibodies, since many surface receptors do not undergo
triggers receptor endocytosis. Antibodies have been suc- endocytosis and for those that do, the efficiency with which
cessfully used as surrogate receptor ligands for intracellular an antibody mediates internalization can vary significantly
targeting of toxins {1}, liposomes {2}, drugs and DNA [3]. depending on the epitope recognized [5,6].
Currently, antibodies that trigger internalization are identi- We recently developed a strategy to directly select
fied by screening antibodies derived by either hybridoma or internalizing antibodies from phage libraries by recovering
infections phage from within a target cell line [7]. The
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identified as binding ErbB2, a growth factor receptor over-
expressed in 20—30% of human breast carcinomas as well
as other adenocarcinomas. In this work, we demonstrate
how such scFv antibodies can be used to construct a targeted
drug with potent antitumor activity. Specifically, we engi-
neered the anti-ErbB2 F5 scFv for conjugation to amphi-
pathic PEG for construction of immunoliposomes by
membrane capture into preformed stealth liposomes, yield-
ing anti-ErbB2 immunoliposomes. Such F5 immunolipo-
somes are efficiently endocytosed by ErbB2-expressing
tumor cell lines and have potent antitumor activity in
xenografted mice, which significantly exceeds that of untar-
geted doxorubicin-containing liposomes. This strategy of
selecting internalizing antibodies from phage libraries and
construction of immunoliposomes provides a generic, rapid
and facile route for making targeted therapeutics for many
types of tumors.

2. Methods
2.1. Construction of expression vector pELK

A fragment containing the pelB leader and cloning sites
from vector pUC119mycHis [10] was amplified using
standard PCR conditions. Primers were designed to append
a 5 Xbal site and a ¥ Sall site for cloning into pET%
(Promega). The alkaline phosphatase promoter (PhoA) from
Escherichia coli was then cloned as an EcoRUXbal frag-
ment yielding the pELK expression vector.

2.2. F5 scFv expression

A C-terminal cysteine followed by a stop codon was
added to the F5 scFv by PCR using primers G4C-Nof (5'-
GCT CTA GAT CAG CAG CCT CCA CCG CCA CCT
AGG ACG GTC AGC TTG GTC CC-3') and LMB3 [11].
The PCR product was cloned into the Ncol/Nofl sites of
vector pELK. ScFv was expressed from E. coli strain
RV308 (ATCC) by fermentation, essentially as described
in Ref. [12]. Soluble protein obtained as a periplasmic
extract [12] was purified on recombinant protein A agarose
(Pharmacia).

2.3. Conjugation of F5 scFv to maleimide-PEG-DSPE

F5 scFv was reduced on a thiol-reducing column (Reduc-
elmm, Pierce) according to the manufacturers’ instructions,
except guanidine was omitted from the running buffer and
reduction time was 30 min at room temperature. Alterna-
tively, F5 scFv was incubated in 144 mM NaCl, 20 mM
MES, pH 6.0 in the presence of 10 mM cysteamine hydro-
chloride and 5§ mM EDTA at 32 °C for 1 b, and isolated by
passage through a desalting column (PD-10, Pharmacia).
The number of free thiol groups per molecule was deter-
mined with Ellman’s reagent as described by the manufac-

turer (Pierce). The reduced scFv was incubated overnight at
4 °C with maleimido-PEG;gqp-distearoyl-phosphatidyletha-
nolamine {Avanti Polar Lipids) in 144 mM NaCl aqueous
buffer at pH 6.5-7.5 at a protein/linker molar ratio of 1:4,
The amounts of conjugated and free protein were deter-
mined by SDS-PAGE with Coomassie staining and band
densitometry. For in vitro studies, and to afford quantitation
of liposome-conjugated scFv, 1 mg of scFv (prior to con-
jugation) was labeled with 0.3 uCi of '2°I using IodoBeads
(Pierce) as described by the manufacturer.

2.4. "¥Liabelling and internalization study

Purified F5 scFv was labeled with '*°I as above and
incubated (10 pg/ml) with live SK-BR-3 cells in 12-well
plates (150,000 cells/well) for 15, 30, 60, or 90 min at 37
°C. After washing four times with Hanks’ balanced salt
solution (HBSS; Gibco) without phenol red, cell surface
bound antibody was removed by two 10-min washes with 1
ml glycine buffer (glycine 50 mM, pH 2.8, adjusted to the
osmolarity of 290 mmoVl/kg with NaCl). Cells were lysed in
0.1% Triton-100 and internalized and cell surface associated
radioactivity measured in a Packard gamma counter. Ki-
netics of endocytosis was fitted using Berkeley Madonna™
differential equations solver (available at http://www.
berkeleymadonna.com).

2.5. Liposome preparation

For in vitro assays, liposomes were prepared from 1-
palmitoyl-2-oleoyl-phosphatidyicholine (POPC), choles-
terol, and methoxy-poly(ethylene glycol (M.W. 2000)-dis-
tearoylphosphatidylethanolamine (PEG000-DSPE) (3:2:0.3
molar ratio) (all from Avanti Polar Lipids) by lipid film
hydration in a solution containing membrane-impervious
fluorescent marker, followed by extrusion through track-
etched polycarbonate membranes with pore size 100 nm [2].
For internalization studies, the solution contained pH-sensi-
tive marker trisodium 8-hydroxypyrene-1,3,5-trisulfonate
(HPTS); 35 mM, pH 7.0 [2,13]. For fluorescence micro-
scopy, the marker was 20 mM BODIPY disulfonate (both
probes from Molecular Probes). Both dye solutions were
adjusted to the osmolarity of 290 mmol/kg with NaCl. For
in vivo therapeutic efficacy studies, Doxil {Alza Corp.)
obtained commercially was used for immunoliposome for-
mation. Doxil contains unilamellar liposomes (70-90 nm)
composed of hydrogenated soy phosphatidylcholine, cho-
lesterol, and PEG,000—DSPE (3:1:0.3 by mass) and doxor-
ubicin {0.15 mg/umol of phospholipid) encapsulated into
the liposomes by an ammonium sulfate gradient method
[14,15].

Immunoliposomes were formed by overnight incubation
of the PEG-DSPE-conjugated F5 scFv with preformed
liposomes at 37 °C, followed by the removal of nonincor-
porated F5 conjugate, nonconjugated scFv, and any extra-
liposomal low-molecular-weight molecules by gel chroma-
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tography using a Sepharose 4B column (Pharmacia). The
liposomes were excluded from the gel and recovered in the
void volume fraction. Separation of micelles from lip-
osomes was confirmed as follows: 0.5 ml of F5-PEG-DSPE
(1.6 mg/m! protein) or 0.5 ml of doxorubicin liposome
(Doxil) diluted to 0.2 mg/m! of doxorubicin with HEPES-
buffered saline (HBS, 5 mM HEPES, 144 mm NaCl, pH
7.4} were applied onto a column {diameter 1.5 cm, bed
volume 13 ml) with Sepharose 4B (Pharmacia Amersham)
and eluted with HBS, Fractions (0.5 ml) were collected and
spectrophotometrically analyzed for F5 protein (absorbance
at 280 nm) or doxorubicin (absorbance at 485 am). The
amounts of F5 or doxorubicin per fractions were expressed
as percent of total applied. Total recovery of both F5-PEG-
DSPE and doxorubicin liposomes in the eluted fractions was
>97%. To afford quantification of liposome-linked F5, the
protein was labeled with '2I, purified by gel chromatog-
raphy, reduced, and finally conjugated to maleimido-PEG-
DSPE. The resulting '>’I-F5-PEG-DSPE conjugate was
mixed with the unlabeled conjugate at a ratio of 1:9 and
subsequently incubated with POPC/cholesterol/PEG-DSPE
liposomes at various protein-to-liposome ratios (2—-100
scFv/liposome). Liposome concentration was determined
by phosphate analysis adapted from Morrison [16]. Doxor-
ubicin in the liposome and immunoliposome preparations
was quantified by spectrophotometry at 485 nm after
solubilization of liposomes in 70% aqueous isopropanol—
0.1 N HCL

2.6. Immunoliposome analysis by surface plasmon
resonance (SPR)

Binding activity of immunoliposomes was determined by
SPR in a BIAcorel000 instrument (BIAcore Inc.). Approx-
imately 3000 RU of ErbB2 ECD were coupled fo a CMS
sensor chip (BIAcore) as described [10] and binding rates
were measured under continuous flow of 15 pL/min.
Immunoliposomes were injected at a concentration of 50
uM phospholipid. To determine the kinetics of immunoli-
posome binding to ErbB2, serial dilutions of recombinant
ECD were incubated with 50 pM immunoliposomes for 1 h
prior to binding analysis. Binding activity was determined
from a linear standard curve of binding slope versus con-
centration.

2.7. Flow cytometry analysis

Human cancer cells SK-BR-3, SK-OV-3, BT474, MCF7,
MDA-MB-453, MDA-MB-231, MDA-MB-468 (ATCC)
were grown to 80—90% confluence in the media type recom-
mended by ATCC and supplemented with 10% fetal calf
serum (FCS). The ErbB2 transfected cell line MCF7/HER2
was grown as previously described [17]. F5 scFv (20 ug/ml),
containing a version of the FLAG epitope tag with improved
affinity {18,19], was used to detect the levels of ErbB2
expression by flow cytometry as previously described [18].

2.8. Spectrofluorometric measurement of immunoliposome
uptake by cells

Tumor cells were grown in 96-well plates to subconflu-
ency. To determine cellular uptake or kinetics of internal-
ization, immunoliposomes containing HPTS were incubated
at 200 uM total phospholipid in a 37 °C incubator in
complete cell culture media for the indicated times. After
washing four times with HBSS without phenol red, fluo-
rescence was read at 512 nm following excitation at 414
and 454 nm, in a Gemini microfluorometer (Molecular
Devices). Total cellular uptake of liposomes was calculated
from the fluorescence at isosbestic point (414 nm), and the
amount of endocytosed liposomes was determined from the
fluorescence at 454 and 414 nm excitations as described
[13,20].

2.9. Fluorescence microscopy

SK-BR-3 cells were grown in 12-well plates to subcon-
fluency. Immunoliposomes containing approximately 60
scFv per liposome and loaded with BODIPY disulfonate
(final concentration 100 pM phospholipid) were incubated
with SK-BR-3 cells for 2 h at 37 °C in complete media
along with 5 pg/mi of tetramethylrthodamine-labeled trans-
ferrin (Molecular Probes). The cells were then washed six
times in HBSS and live cells were examined through a
Nikon Eclipse 300 inverted fluorescence microscope.

2.10. In vivo antitumor efficacy studies

Antitumor efficacy studies were preformed as previously
described [25]. Briefly, tumor xenografis were raised sub-
cutaneously (s.c.) in 5-week-old female homozygous nude
mice (NCR nu/nu) using a subline of BT474 human breast
adenocarcinoma cells (ATCC HTB-20), which contain about
10° ErbB2 receptors/cell [21]. The subline (BT474M1) with
increased tumorigenicity was derived from BT-474 xeno-
grafts selected for maximum growth rate {25]. The animals
were inoculated s.c. at the base of the right scapula with
2 x 107 BT474M1 cells in 0.1 ml of the growth medium.
Two days prior to inoculation, a 60-day sustained release
17B-estradiol pellet (0.72 mg; Innovative Research of Amer-
ica) was implanted s.c. near the base of the tail [22]. When
tumor xenografls had become fully established (300-400
mm®), the mice were randomly assigned to treatment groups
of 15 animals per group. F5-immunoliposomal doxorubicin
or liposomal doxorubicin (Doxil) were administered intra-
venously at 5 mg doxorubicin/kg once weekly for three
consecutive weeks (total doxorubicin dose of 15 mg/kg).
Control group received i.v. injections of the excipient (HBS)
at the same schedule as liposomes and immunoliposomes.
Tumors were measured twice weekly using a caliper, and
tumor volumes were calculated by multiplying length
X width X thickness of the tumor and expressed as the mean
for each group (mm® + S.E.). Statistical significance of the
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differences between fumor sizes among the groups was
determined by Student’s ¢-test.

- 3. Resulfs

3.1. Isolation of tumor-specific scFv antibodies by selection
Jor internalization

A naive scFv phage antibody library containing 7 x 10°
members {8] was selected for endocytosis into SK-BR-3
tumor cells [7,9]. In this selection strategy, the phage anti-
body library was allowed to bind to the cell surface of live
SK-BR-3 cells at 4 °C, unbound phage was removed by
washing and cells were subsequently incubated at 37 °C for
15 min fo allow internalization of the phage. Phage remain-
ing on the cell surface were removed with acid washes and
internalized phage recovered by infection of the cell lysate
into E. coli. This strategy allowed the isolation of rapidly
internalizing phage antibodies [7,9]. After three rounds of
selection, we identified more than 40 distinct scFv that
internalized into SK-BR-3 cells. One of these antibodies,
F5, was shown to recognize the extracellular domain (ECD)
of ErbB2 with a Kp of 160 nM and was efficiently
endocytosed into SK-BR-3 cells as phage and as purified
monomeric F5 scFv [9].

3.2. Kinetics of internalization into tumor cells

The kinetics of internalization into live SK-BR-3 tumor
cells overexpressing ErbB2 was investigated using FS scFv
labeled with '2°L. Following incubation from 0 to 90 min,
cell surface-bound antibody fragments were stripped with
low pH glycine buffer and the fraction of internalized and
cell surface bound antibody determined by measuring radio-
activity. A plot of time versus the amount of internalized
antibody fragment allowed determination of the rate of
internalization (results not shown). The internalization rate
was 0.0056 min ~ ' for the F5 scFv.

3.3. Reengineering and expression of the scFv for
construction of immunoliposomes

To provide a single thiol group as a convenient and
-unique site for conjugation to a drug delivery carrier, the F5
scFv was reengineered by PCR to contain the C-terminal
sequence Gly-Gly-Gly-Gly-Cys followed by a stop codon,
and was cloned into the expression vector pELK. This
vector consists of the pET9 backbone with an alkaline
phosphatase promoter cloned in place of the pET9 promoter.
The scFv containing the C-terminal cysteine expressed at
high levels (>20 mg/l) by fermentation in E. coli. The F5
scFv sequence belongs to the Vy3-gene family of which
approximately 50% bind protein A [23]. This was the case
for the FS scFv, allowing for a one-step affinity purification
on immobilized protein A, following which the recombinant

protein was more than 90% pure as judged by SDS-PAGE
(Fig. 1).

3.4. Conjugation of the F5 scFv to a lipid linker and
Jormulation into liposomes

Immunoliposomes are usually made by direct conjuga-
tion of the antibody to liposomes formulated with activated
lipid anchors for coupling of antibody to the liposome
surface [24]. However, construction of immunoliposomes
by membrane capture of amphipathic antibody—PEG con-
jugates into preformed liposomes offers a new and efficient
method of immunoliposome construction [25,26].
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Fig. 1. SDS-PAGE analysis of F5 scFv purification, reduction, and coupling
to maleimide-PEG-DSPE and analyses of F5-PEG-DSPE insertion into
liposomes. {A) Lane 1: FS scFv purified using protein A chromatography;
Iane 2: protein A-purified F5 scFv afier reduction on a Reducelmm column;
lane 3: F5 scFv after conjugation to maleimido-PEG-DSPE; lane 4: F5 scFv
after incorporation into liposomes and purification of imnmnoliposomes by
gel filtration on Sepharose 4B. (B) F5-PEG-DSPE or doxorubicin liposome
(Doxil) were applied onto a Sepharose 4B column and eluted with HBS.
Fractions were collected and spectrophotometrically analyzed for FS
protein (absorbance at 280 nm) or doxorubicin (absorbance at 485 nm). The
amounts of F5 or doxorubicin per fractions were expressed as percent of
fotal applied. The arrow marks the column total volume (V).
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Initial preparations of the F5 scFv contained approxi-
mately 0.1 free thiol groups per molecule and existed as a
mixture of monomers and covalent dimers (Fig. 1, lane 1).

* Therefore, this protein was reduced to make the thiol group
of the C-terminal cysteine available for conjugation. Fol-
lowing elution from a thiol-reducing column, or by treat-
ment with cysteamine hydrochloride at pH 6.0, a majority of
the dimer was reduced to the monomeric form (Fig. 1, lane
2), resulting in 0.7-1.2 free thiol groups per molecule for
conjugation to an amphipathic linker, N-(w-(N-maleimido)-
poly(ethylene glycol)2000-a-oxycarbonyl-distearoyl phos-
phatidylethanolamine (PEGy00¢-DSPE). Coupling of the
reduced protein to the PEG,400-DSPE linker increases the
apparent molecular size of the scFv by approximately 3
kDa, so the reaction could be monitored by SDS-PAGE
(Fig. 1, lane 3). The coupling reaction routinely yields 75—
95% of scFv coupled to PEG;qoe-DSPE, preserving >80%
of immunoreactivity as determined by BlAcore analysis
(results not shown). Preservation of immunoreactivity as
well as the absence of conjugates comprising more than one
linker {single conjugate band in Fig. 1, lane 3) suggests that
despite the presence of additional scFv cysteines involved in
intramolecular V-domain disulfide bonds, the reduction
conditions were specific to the thiol group engineered onto
the C-terminus of the scFv, thus providing the single attach-
ment site to PEG;g00-DSPE.

Upon incubation of antibody—PEG-DSPE conjugates
with preformed liposomes, the hydrophobic DSPE domain
spontaneously incorporates itself into the liposome lipid
bilayer, thus “tethering” the antibody ligand to the liposome
surface [25,26]. Incubation of scFv-PEG-DSPE conjugate
with commercial liposomal doxorubicin (Doxil, Alza) at
30-40 scFv/liposome overnight at 37 °C resulted in 75—
90% incorporation of the conjugate into drug-loaded lip-
osomes. Similar incorporation efficiency was achieved in
the range of 2—100 scFv/liposome using HPTS-loaded uni-
lamellar liposomes of POPC, cholesterol, and PEGygg0-
DSPE (3:2:0.3 molar ratic), which have lipid bilayers in
the fluid state as opposed to gel state of Doxil liposome
bilayer [14,15]. Leakage of encapsulated HPTS or doxor-
ubicin during this process was quite low, typically less than
3% (results not shown). SDS-PAGE analysis confirmed
efficient incorporation of F5 conjugate into the liposomes
and complete removal of all extraliposomal proteins by
subsequent gel-chromatography on Sepharose 4B (Fig. 1,
lane 4). The efficient separation of F5-PEG-DSPE micelles
and the liposomes on the Sepharose 4B column was de-
termined by spectrophotometrical analyses of the fractions
and showed that the conjugate and the liposomes are re-
solved (Fig. 1B).

3.5. Effect of the scFv density on antigen binding and
intracellular uptake of F5-immunoliposomes

The binding of immunoliposomes containing 2-100
scFv/liposome to ErbB2 was investigated by SPR under

mass transport limiting conditions [27], well below saturat-
ing concentrations of immunoliposomes. The rate of binding
to ErbB2 ECD was directly proportional to the number of
scFv/liposome (r=0.99), as shown in Fig. 2A.

The equilibrium binding constant {Kp) for the scFv
antibody binding to the ErbB2 ECD was also determined
by SPR. Following incubation of F5-immunoliposomes
with varying amounts of soluble extracellular domain of
ErbB2, the binding concentration was determined by SPR,
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Fig. 2. Effect of scFv density on the binding of immunoliposomes to ErbB2
and on the uptake by SK-BR-3 cells. (A) Effect of scFv density on
immunoliposome binding to the ErbB2 extracellular domain as determined
by SPR. Immunoliposomes were formed by incorporation of varying
amounts of scFv-PEG-DSPE conjugate into preformed 100 nm POPC/
cholestero/PEG-DSPE liposomes and analyzed in a BlAcore 1000 instru-
ment. Measurements were made at an immunoliposome concentration of 50
BM of liposome phospholipid. (B) Effect of scFv density on the total uptake
of anti-ErbB2 immunoliposomes by SK-BR-3 cells. Immunoliposomes were
incubated with the cells at 100-fold excess over total cellular ErbB2 receptors
for 12 h and concentration of 50 pM of liposome phospholipid. Error bars
represent the standard deviation of triplicate experiments.
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also under mass transport limited conditions, Because the
slope of the mass transport limited SPR signal of the
liposome binding is directly proportional to the concentra-
tion, the Kp can be determined by fitting the data as
described [27,28]. The Ky, for the monovalent binding of
F5 scFv conjugated to the liposome (Kp=111nM) is in
close agreement with the 160 nM K, value of soluble,
unconjugated FS scFv for ErbB2, also determined by SPR,
indicating that conjugation to the liposome does not sig-
nificantly affect the monovalent interaction with the antigen.
Varying the density of scFv fragments on the liposome
surface from 0 to 30 scFv/liposome produced a dramatic
increase in cellular uptake, which reached a maximum
uptake value at 30 scFv/liposome {or approximately 1 scFv
per 1300 phosholipids in the outer leaflet of the liposome).
Increasing the number of scFv from 30 to 100 per liposome
did not increase uptake further (Fig. 2B). This result is
comparable to our previously reported result {(approximately
40 Fab'/liposome) for the trastuzumab-Fab’-conjugated lip-
osomes [2] as well as with the findings of Maruyama et al.
[29] showing that 30 IgG molecules per liposome are
optimal for tumor cell uptake.

3.6. Specificity of F5-immunoliposome uptake into
ErbB2-expressing tumor cells

To investigate the dependence and specificity of F5-
immunoliposome uptake on ErbB2 cellular expression, total
cellular uptake was determined for a number of tumor cell
lines with varying ErbB2 expression levels (Fig. 3). For
comparison, the relative antigen expression on the same cell
lines was determined by flow cytometry using F5 scFv
containing the FLAG tag sequence, detected with anti-
FLAG FITC conjugated antibody. Overall, F5-immunolipo-
some uptake correlated with increasing ErbB2 expression
(r=0.80); uptake in cell lines having low ErbB2 expression
(MDA-MB-468, MDA-MB-231, and MCF7) was two to
three orders of magnitude below that of ErbB2-overexpress-
ing cell lines (MCF7/HER2, BT474, SK-OV-3, and SK-BR-
3). The specificity of the F5 immunoliposome uptake is
further exemplified by its uptake into the ErbB2-transfected
and overexpressing MCF7/HER2 cells. The transfected
MCF7/HER2 subline takes up two orders of magnitude
more of the F5 immunoliposomes than the parental MCF7
cells that express 45-fold lower levels of ErbB2 receptor
[17]. Among the ErbB2 overexpressing cell lines, however,
total F5 immunoliposome uptake correlated poorly
(r=0.56) with the magnitude of ErbB2 overexpression.
For example, SK-OV-3 cells accumulated less than half
the total amount of FS immunoliposomes compared to SK-
BR-3 cells, despite comparable levels of ErbB2 overexpres-
sion (Fig. 3). This may relate to the greater abundance of an
alternatively spliced ErbB2 transcript in SK-OV-3 cells [30].
Excess extracellular domain encoded by this alternative
transcript, which confers resistance to trastuzumab (Hercep-
tin) when transfected into sensitive cell lines, is sequestered
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Fig. 3. Effect of cell surface ErbB2 expression as determined by flow
cytometry on the total cellular uptake of anti-ErbB2 immunoliposomes. {A)
Total uptake of F5 immunoliposomes after 12 h of incubation. (B) ErbB2
expression level as determined by flow cytometry with the F5 scFv detected
by anti-FLAG FITC. Error bars represent the standard deviation of triplicate
experiments.

in the perinuclear Golgi and may interfere with endocytosis
of surface membrane, full-length, EtbB2 [30].

3.7. Cell internalization and endosomal accumulation of
F5-immunoliposomes

For fluorescence microscopy studies of the cells with F3-
immunoliposomes, where the marker sensitivity to pH was
undesirable, BODIPY-disulfonate (BODIPY-DS) was sub-
stituted for HPTS. BODIPY-DS loaded F5-immunolipo-
somes and tetramethylrhodamine-labeled transferrin were
co-incubated with SK-BR-3 cells at 37 °C. F5-immunoli-
posomes quickly entered the cells {Fig. 4A). Unlike trastu-
zumab-Fab’-containing immunoliposomes [2], F5-immuno-
liposomes did not co-localize with transferrin but rather
accumulated into a perinuclear compartment consistent with
the late endosomes. Incubation of F5-immunoliposomes
with MCF7 cells did not result in any detectable uptake.
Thus, F5 immunoliposomes efficiently entered cells in
ErbB2 receptor-specific manner and appeared to accumulate
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Fig. 4. Binding and endocytosis of F5 immunoliposomes by ErbB2-
overexpressing tumor cells. (A) Immunofluorescence analysis of F5-
liposomes loaded with BODIPY (yellow/green) and transferrin-tetrame-
thylthodamine (red) after 2 h of co-internalization into SK-BR-3 cells. (B)
Kinetics of anti-ErbB2 immunoliposomes uptake by SK-BR-3 cells at 200
1M of liposome phospholipid. Depicted are the internalized fraction (closed
circles) and surface bound fraction (closed triangles).

in a late endosomal compartment. The kinetics of internal-
ization of F5 immunoliposomes containing approximately
30 scFv per liposome determined using the pH-sensitive dye
HPTS [2,13,20] (0.017 min~'; Fig 5B) was three-fold
~ higher than the internalization rate determined for the
unconjugated scFy (0.0056 min ~'). A similar correlation
has been reported for liposomes conjugated with transferrin
[31].
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Fig. 5. Efficacy of anti-ErbB2 immunoliposomes in a human ErbB2-
overexpressing breast cancer model. (A) Anti-ErbB2 immunoliposome-
Doxil containing the F5 scFv {triangles) were administered i.v. on days 18,
25, and 32 (arrows) at a total doxorubicin dose of 15 mg/kg as indicated in
the text. The control treatment group was treated with Doxil at the same
doxorubicin dose (circles). (B) Anti-ErbB2 immunoliposome-Doxi! con-
taining the F5 scFv (triangles) administered on days 21, 28, and 35 (arows,
same dose as above) are compared fo control (PBS) treatment (open
circles). Data represent mean tumor volumes; mm® + S.E.

3.8. In vivo efficacy of doxorubicin delivered by
F3-immunoliposomes

Using a xenograft model of a human ErbB2 overexpress-
ing breast cancer (BT474) [32], we compared the antitumor
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efficacy of doxorubicin-loaded F5-immunoliposomes
derived from a commercial preparation of sterically stabi-
lized liposomal doxorubicin (Doxil) with that of parental
(nontargeted) Doxil. In animals with large (350-400 mm?®)
subcutaneous tumors, three weekly iv. injections of F5-
immunoliposomal doxorubicin {5 mg/kg) produced substan-
tial tamor regressions (Fig. 5A). After the second and third
treatments, tumor regressions in the F5 targeted group were
significantly superior to nontargeted Doxil {(P=0.001 by
two-tailed nonpaired Student’s #-test) and far superior to the
control PBS treatment (Fig. 5B).

4. Discussion

Receptor-mediated endocytosis is an essential first step
for many antibody targeted therapeutic approaches, includ-
ing immunotoxins, immunoliposomes, antibody—drug con-
jugates and antibody targeted gene delivery (reviewed in
Ref. [33]). Since the efficiency of antibody-mediated endo-
cytosis varies considerably depending on the antigen and
epitope recognized [34,35], it typically has been necessary
to screen for antibodies capable of mediating cell internal-
ization by individual labeling of antibodies or antibody
fragments. We recently developed a method to directly
select internalizing antibodies from phage libraries [7] by
panning on a target cell line. Selection is not directed at a
specific cell surface receptor, but rather the panel of recep-
tors capable of internalization. Using this approach, a panel
of antibodies were selected from a naive phage library that
internalized into the breast tumor cell line SK-BR-3 [9].
Here we demonstrate that such antibodies can be used to
generate a targeted therapeutic with significant antitumor
activity in vivo.

For construction of the antibody-targeted therapeutic
agent, we selected the F5 scFv that binds the ErbB2 growth
factor receptor tyrosine kinase. ErbB2 (HER2/reu) is a
protooncogene, which is overexpressed in 20-30% of
human breast carcinomas as well as in gastric, lung, colon,
ovarian and pancreatic adenocarcinomas (for review, see
Ref. [36]). ErbB2 represents a therapeutic target for anti-
body-mediated drug delivery as it undergoes endocytosis in
response to antibodies binding certain extracellular epitopes

- [2,6,35]. In addition, the clinical relevance of ErbB2 as 2
cancer target has been validated by the recent FDA approval
of the anti-ErbB2 antibody trastuzumab for breast cancer
therapy.

We chose to use the F5 scFv to target doxorubicin-con-
taining liposomes. Liposomes are attractive vehicles for
drug encapsulation since they can carry large amounts of
drug and provide protection from degradation in the circu-
lation. A number of recent advances in liposome technology
have led to the optimization of liposomal drug carriers for
effective anticancer treatment in vivo (for review, see Ref.
[37]). For example, steric stabilization by coating liposomes
with polymers such as polyethylene glycol (PEG) greatly

increases their circulation time due to increased resistance fo
clearance by the mononuclear phagocyte system (MPS),
thus facilitating selective extravasation in solid tumors
[38,39]. The sterically stabilized liposomes do not directly
enter the tumor cells but accumulate within the tumor in-
terstitium where the drug then passively diffuses into the
tumor cells [37,40]. Therapeutic efficacy can be improved
by delivering the liposomes directly into the tumor cells.
Indeed, anti-ErbB2 immunoliposomes containing doxorubi-
cin and targeted by the Fab’ fragment of trastuzumab are
endocytosed by ErbB2-expressing cells and have shown
greater therapeutic efficacy against ErbB2-overexpressing
xenografts than liposomal doxorubicin in the absence of
targeting, although targeting does not increase the overall
tumor uptake of liposomal drug [2,41]. The degree of be-
nefit from liposomal targeting appears to depend to some
extent on the degree of cellular internalization of the immu-
noliposome upon receptor binding. Likewise, lack of immu-
noliposome internalization following receptor binding is
associated with poor cytotoxicity and lack of therapeutic
advantage [42-45].

To investigate the potential for tumor targeting by scFv
selected for internalization, the F5 scFv was engineered for
coupling to liposomes. A C-terminal cysteine was engineered
into the F3 scFv molecule and a high level expression vector
constructed using the phoA promoter and kanamycin resist-
ance. The resulting expression system is tightly regulated,
easily scalable to larger fermentation vessels, and uses a
resistance marker compatible with clinical good manufactur-
ing practice (¢GMP). Since the F5 scFv contains a Vi gene
derived from the human Vy3 family, it binds protein A. This
allows the elimination of epitope tags frequently used for
purification, such as hexahistidine, which could pose a
regulatory hurdle. These vector and scFv gene modifications
were incorporated to facilitate pharmaceutical production of
F5 immunoliposomes and ensure the possibility of future
clinical translation.

F5 scFv coupling to prefabricated liposomes first
required its conjugation via the engineered C-terminal
cysteine’s free thiol to the maleimide group formed at the
free end of a PEG-DSPE linker. Use of a PEG linker
prevents neighboring liposomal PEG molecules from inter-
fering with antibody binding of the cell surface receptor [2];
thus, the affinity of the liposome-conjugated FS was essen-
tially equal to that of the free scFv. Such thiol-reactive
PEG-lipid linkers previously have been applied to con-
struct liposomes with conjugated Fab® fragments [2] and
whole antibodies [29,46,47]. The presence of hydrophilic
PEG domain prevents precipitation of the conjugate that
stays in aqueous solution presumably in a micellar form.
However, the presence of a hydrophobic lipid tail results in
the capture of scFv-linker conjugate into preformed lip-
osomes by simple mixing. This afforded a single-step
conversion of commercial doxorubicin-loaded liposomes
into anti-ErbB2 immunoliposomes with high yield (75—
90%).
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In vitro, ErbB2-overexpressing cells showed specific
uptake of F5-immunoliposomes into ErbB2 overexpressing
cells in proportion to their endocytotic capacity. Fluores-
cence of liposome-entrapped dye pointed to endosomal
accumulation by the internalized F5 immunoliposomes.
However, F5 immunoliposomes did not co-localize with
transferrin. Rather, the F5 immunoliposomes appeared to
localize into a perinuclear compartment consistent with the
late endosomes.

The F5 scFv is of entirely human origin, This eliminates
the need for timely and costly cloning and humanization of
antibodies undertaken to evade an human antimouse
(HAMA) immune response. Incorporation of humanized
antibodies into immunoliposomes may also lead to an
increased HAMA response compared to free antibody due
to enhanced immunogenicity from uptake of antibody
coated liposomes into reticulendothelial cells, This could
result in increased opsonization and uptake into macro-
phages and consequently a shorter circulation time [48].
Immunogenicity should be less for completely human anti-
body fragments. In addition, the F5 scFv does not have
growth inhibitory properties of the FDA approved anti-
ErbB2 antibody, trastuzumab [49], which may be linked
to the high incidence of cardiotoxicity in patients treated
with trastuzumab, especially when administered along with
doxorubicin [50].

In summary, we believe this approach provides a generic
route for rapid development of antibody targeted drugs with
potent in vivo antitumor activity. Human antibodies are
selected from phage libraries for internalization into a target
tumor cell line and the biology and specificity of the
selected antibodies is confirmed by secondary screens.
The scFv genes are subcloned into the high level expression
system described here and the purified scFv conjugated to
linker and immunoliposomes formed by membrane cap-
ture. If efficacy is verified in the appropriate animal model,
then expression and purification can be scaled up for
current good manufacturing practice {¢GMP) manufacture.
For example, based on preclinical data partially described
in this publication, the F5 scFv expression plasmid has
been transferred to the National Cancer Institute Mono-
clonal Antibody and Recombinant Protein facility for ex-
pression and purification scale up and possible cGMP
manufacturing. Using the membrane capture system, a single
batch of ¢cGMP antibody could be used to target liposomes
carrying other anticancer pharmaceuticals or the scFv anti-
body may be coupled to other nanoparticle delivery systems,
toxins or drugs using the conjugation chemistry described
here.
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Abstract

The first step in developing a targeted cancer therapeutic is generating a ligand that binds to a receptor which is either
tumor specific or sufficiently overexpressed in tumors to provide targeting specificity. For this work, we generated human
monoclonal antibodies to the EGF receptor (EGFR), an antigen overexpressed on many solid tumors. Single chain Fv (scFv)
antibody fragments were directly selected by panning a phage display library on tumor cells (A431) overexpressing EGFR or
Chinese hamster ovary cells (CHO/EGFR cells) transfected with the EGFR gene and recovering endocytosed phage from
within the cell. Three unique scFvs were isolated, two from selections on A431 cells and two from selections on
CHO/EGFR cells. All three scFv bound native receptor as expressed on a panel of tumor cells and did not bind EGFR
negative cells. Phage antibodies and multivalent immunoliposomes constructed from scFv were endocytosed by EGFR
expressing cells as shown by confocal microscopy. Native scFv primarily stained the cell surface, with less staining
intracellularly. The results demonstrate how phage antibodies binding native cell surface receptors can be directly selected on
overexpressing cell lines or transfected cells. Use of a transfected cell line allows selection of antibodies to native receptors
without the need for protein expression and purification, significantly speeding the generation of targeting antibodies to
genomic sequences. Depending upon the format used, the antibodies can be used to deliver molecules to the cell surface or
intracellularly. © 2001 Elsevier Science BV. All rights reserved.

Keywords: Receptor mediated endocytosis; Epidermal growth factor receptor; Phage antibody library; Single chain Fv; scFv; Tumor
targeting

1. Introduction improved understanding of the molecular basis of

cancer makes possible the development of therapies

Traditional cancer therapies have relied on the with increased efficacy and reduced toxicity. Studies
differential toxicity of chemotheraputic agents on of tumorigenesis have identified cell surface recep-
tumor cells compared to normal cells. Recently, tors which are either tumor or lineage specific, such
as CD20 (Einfeld et al,, 1988) and mutant forms of

*Corresponding author. epidermal growth factor receptor (EGFR) (Garcia de
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expressed in tumors, such as ErbB2 (Slamon et al.,
1989). Such receptors can be targeted with anti-
bodies to allow specific drug interaction with only
the tumor cell. In some instances, binding of
“naked” antibody to the tumor cell can cause growth
inhibition (Carter et al., 1992) or apoptosis (Ghetie
et al., 1997; Taji et al, 1998). Alternatively, the
antibody can be used to deliver a “toxic payload” to
the cell. Toxic mechanisms include activation of the
immune system, e.g., with bispecific antibodies,
fusions to co-stimulatory molecules, or fusion with a
toxic payload including radioisotopes, chemothera-
peutics, toxins, or genes. For some strategies, it is
necessary for the antibody to remain on the cell
surface (e.g., bispecific therapies). For other ap-
proaches, it is necessary that the antibody deliver its
payload into the cytosol (e.g., immunotoxins and
gene therapy). In both cases, antibody recognition of
the native receptor as expressed on the cell surface is
required.

Phage antibody libraries have become an impor-
tant source for the development of completely human
therapeutic antibodies (Marks and Marks, 1996;
Marks et al, 1991) to a wide range of antigens
including tumor growth factor receptors (Schier et
al,, 1995). Antibodies generated from phage libraries
have typically been selected using purified antigens
or peptides immobilized on artificial surfaces. This
approach may select antibodies that do not recognize
the native protein in a physiologic context, as on the
surface of cells. Attempts have been made to select
on antigen in native conformation using cell lysates
(Parren et al., 1996; Sanna et al., 1995; Sawyer et al.,
1997) fixed cells (Van Ewijk et al., 1997) or living
cells (Andersen et al., 1996; Cai and Garen, 1995; de
Kruif et al,, 1995; Marks et al,, 1993; Siegel et al,,
1997). The few successful selections performed on
such heterogeneous material were generally done
using small libraries from immunized sources. The
use of immunized libraries limits the spectrum of
antigen specificities that can be potentially obtained
from the same library and typically yields murine
antibodies. Selection of binders from large naive
libraries by cell panning is greatly limited by high
background binding of non-specific phage and rela-
tively low binding of specific phage (Pereira et al,,
1997; Watters et al., 1997; Becerril et al., 1999).

Using a model system and an ErbB2 phage

antibody we recently demonstrated that phage anti-
bodies binding internalizing surface receptors can be
endocytosed by mammalian cells and recovered in
infectious form from within the cell (Becerril et al.,
1999). Enrichment of ErbB2 phage over non-specific
phage was 10-30 times higher when phage were
recovered from within the cell compared to recovery
from the cell surface, suggesting that cell selection
specificity could be increased by recovering internal-
ized phage. We confirmed this by applying this
methodology to generate a panel of anti-tumor
antibodies which were endocytosed into the breast
tumor cell line SKBR3 as well as other tumor cells
(Poul et al., 2000). Two of the specificities isolated
included ErbB2 and transferrin receptor antibodies.

For this work, we applied the methodology to
generate EGFR antibodies which recognized the
native receptor on celis and could be used for tumor
targeting. EGFR is overexpressed in many car-
cinomas (Baselga and Mendelsohn, 1994;
Chrysogelos and Dickson, 1994; De Jong et al.,
1998; Harris, 1994; LeMaistre et al., 1994) and can
be exploited to differentiate and target cancer cells
from normal celis, For selections, two cell lines were
used as the source of antigen: a transfected Chinese
hamster ovary cell (CHO/EGFR) and EGFR-over-
expressing cancer cell line A431. The results indicate
the generality of the approach and its usefulness in
generating antibodies to known receptors in the
absence of purified recombinant protein.

2. Materials and methods
2.1. Cell culture

CHO cells stably transfected with EGFR full
length receptor {Morrison et al, 1993) (CHO/
EGFR) were grown in F12 selective media (G418,
Mediatech, 0.8 g/1) supplemented with 10% fetal
calf serum (FCS). The parent cell line (CHO) was
grown in non-selective F12 complete media sup-
plemented with 10% FCS. A431 cells were grown in
DMEM supplemented with 10% FCS. MDA-MB-
453 and MDA-MB-468 cells were grown in
Leibovitz media supplemented with 10% FCS in the
absence of CO,. All other cell lines were grown at
37°C in the presence of 5% CO,.
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2.2. Phage antibody selections

2.2.1. Selections on CHO/EGFR cell monolayer

CHO/EGFR cells grown on a 10-cm plate at
80-90% confluence were incubated with 1 m! of
phage antibody library (5X10'% cfu/ml) (Sheets et
al., 1998) in the presence of 2X10° CHO cells in
complete media (3 ml) for 1.5 h at 4°C. CHO cells
were used to deplete the library of non-specific
clones. The supernatant was aspirated and cells were
washed six times in cold complete media for 10 min
per wash. Receptor internalization was induced by
addition of pre-warmed (37°C) complete media and
incubation at 37°C, 5% CO, for 15 min. This time
period has been shown to be appropriate for the
observation of EGFR internalization (Vieira et al,,
1996). After internalization, non-internalized cell-
membrane bound phage were eluted by washing cells
on the plate with cold glycine buffer (50 mM
glycine, 150 mM NaCl, 200 mM urea, 2 mg/ml
polyvinylpyrrolydone, pH 2.8) three times for 10
min per wash at 4°C. Immobilized cells were washed
1X in complete media. The internalized phage were
recovered by removing cells in trypsin and washing
in complete media. Cells were pelleted by centrifu-
gation at 1000 rpm, lysed in 0.5 mi 100 mM
triethylamine (TEA) for 10 min and neutralized in 1
mil 1 M Tris, pH 7.

2.2.2. Selections on A431 cells in suspension

A431 cells growing on a 15-cm culture dish (90%
confluence) were removed in 2 mM EDTA-phos-
phate-buffered saline (PBS) and washed twice in
cold PBS (25 ml). To deplete the library of non-
specific phage, 5X10° fibroblast cells (ATCC,
CRL1634) were incubated with 1 ml of phage
antibody library in 3 ml complete media (DMEM-
10% FCS) for 1 h rocking at 4°C. Fibroblast cells
were pelleted by centrifugation at 1000 rpm and the
supernatant was recovered. A431 cells were incu-
bated in a 15-ml culture tube with the depleted phage
antibody library (supernatant from the previous step)
for 1.5 h rocking at 4°C. Cells were subsequently
washed 10 times in cold complete media. Cells were
incubated for 30 min at 37°C in pre-warmed com-
plete media to allow receptor internalization. Non-
internalized phage were removed from the cell
~ surface by 10 washes in cold PBS and a final wash in

glycine buffer. Cells were lysed immediately, follow-
ing a single glycine wash, in 0.5 ml 100 mM TEA
and neutralized in 1 ml 1 M Tris, pH 7.

2.3. Phage rescue, preparation and titration

Phage were titered by infection of eluted phage
into Escherichia coli TG1 (Marks et al., 1991).
Phage were prepared for the next round of selection
by infection of E. coli TG1 with eluted phage and
rescue with VCS-M13 (Stratagene) helper phage as
previously described (Marks et al., 1991). After
overnight growth at 30°C, phage were purified and
concentrated from bacterial supernatant with poly-
ethylene glycol 8000 (PEGBR000) (Marks et al,
1991) and resuspended in 1.5 ml PBS for use in the
next round of selection or for use in flow cytometry.
For each cell type, a total of three rounds of selection
were performed.

2.4. Polyclonal phage enzyme-linked
immunosorbent assay (ELISA)

EGFR-ECD was expressed in CHO cells and
purified by concavalin A agarose (Vector Laborator-
ies) affinity chromatography. Ninety-six-well mi-
crotiter plates (Falcon, 353912) were coated over-
night at 4°C with 10 pg/mi of EGFR-ECD in PBS.
Plates were washed three times with PBS and 50 pl
of 1.0x10"" cfu/ml of polyclonal phage in PBS
buffer (prepared as described in Section 2.3) was
added to each well and incubated for 1 h. Wells were
washed three times with PBS containing 0.1%
Tween 20 (TPBS) and three times with PBS. Bind-
ing of phage antibodies was detected with peroxi-
dase-conjugated anti-M13 antibody (Amersham-
Pharmacia) diluted 1:1000 in PBS and ABTS
{Sigma) as substrate,

\
2.5. Evaluation of polyclonal phage mixtures by
flow cytometry

Polyclonal phage were screened for binding to
whole cells by fluorescence activated cell sorting
(FACS) analysis. EGFR expressing cell lines MDA-
MB-468 and CHO/EGFR were used to identify
EGFR binding antibodies and EGFR negative cell
lines MDA-MB-453 and CHO were used to de-
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termine specificity. Cells were grown to 80-90%
confluence and removed in 2 mM EDTA-PBS. Cells
were counted and washed once in cold PBS and
twice in FACS buffer [cold 0.5% bovine serum
albumin (BSA) (fraction V, Sigma)-PBS]. Cells were
placed in FACS tubes (100000 cells/well) and
incubated with polyclonal phage (50 wl/10"* cfu/
ml) for an hour on ice. Cells were washed twice in
FACS buffer and incubated with «-M13-biotin
(Amersham-Pharmacia, 1:5000 dilution) for 30 min
on ice. Cells were washed twice in FACS buffer and
incubated with streptavidin-PE (Biosource Interna-
tional, 1:1000 dilution) for 30 min on ice. Cells were
washed twice in FACS buffer and then analyzed by
FACS on the PE channel. Fluorescence was mea-
sured in a FACSort™ (Beckton Dickinson) and mean
fluorescence was calculated using the Cellquest™
- software,

2.6. Isolation and characterization of monoclonal
EGFR antibodies

To facilitate subsequent purification of soluble
single chain Fv (scFv), the polyclonal scFv gene
population from the third round of selection was
subcloned in batch into the expression vector
pUC119mycHis (Schier et al., 1995) resulting in the
addition of a c-myc epitope tag and hexahistidine tag
at the C-terminus of the scPFv. Briefly, phagemid
DNA was prepared from the third round of selection,
the scFv genes excised using the restriction enzymes
Sfil and Notl, and the gene repertoire gel purified
and ligated into pUC119mycHis digested with Sfil
and Norl. After transformation of E. coli TG1, single
ampicillin resistant colonies were packed into 96-
well microtiter plates and scFv expression induced
by the addition of IPTG as previously described
(Schier et al., 1996). Bacterial supernatant containing
scFv was used directly for ELISA. For EGFR-ECD
ELISA using unpurified scFv, microtiter plates (Fal-
con) were coated with 10 pg/mi! EGFR-ECD in PBS
overnight at 4°C. Plates were incubated with bacteri-
al supernatants at room temperature for 1 h and then
washed once in TPBS and twice in PBS. Protein
binding was detected with anti-myc tag antibody
9E10 followed by incubation in secondary antibody
anti-mouse-horseradish peroxidase (HRP) (Sigma)

for 30 min as previously described (Schier et al,,
1996). Following a final set of washes, binding was
detected with ABTS substrate. For further studies of
monoclonal scFv, expression from pUC119 mycHis
was scaled up into 500-ml cultures in 2 L culture
flasks. Cultures were grown and scFv expressed (De
Bellis and Schwartz, 1990) as previously described
(Schier et al., 1996). scFv was harvested from the
bacterial periplasm by osmotic shock (Breitling et
al., 1991) and purified by immobilized metal affinity
chromatography (Hochuli, 1988) using a Ni-NTA
column (Qiagen) and gel filtration, as previously
described (Schier et al., 1996).

2.7. Covalent labeling of a-EGFR scFv with
Jluoroisothiocyanate (FITC)

A 1-ml (1 mg) volume of E12 scFv was dialyzed
against 50 mM carbonate buffer, pH 8.5 overnight.
Fluoroisothiocyanate (FITC) labeling reagent, 6-
(fluorescein-5-[and-6]-carboxamido)hexanoic  acid,
succinimidyl ester [5(6)-SFX, Molecular Probes]
was dissolved in dimethylsulfoxide (DMSO) or
dimethylformide (DMF) (5-10 mg/ml) and added to
the scFv at a volume:volume ratio of 1:20. The
reaction was conducted for 1 h at room temperature.
Free labeling reagent was separated from labeled
antibody on a S-25 gel filtration column (Sephadex).
E12 scFv was incubated with CHO cells and CHO/
EGFR cells and no background binding due to free
label could be detected. No fluorescence shift was
detected for CHO cells stained with the labeled
antibody. The fluorescence shift detected on CHO/
EGFR cells was therefore wholly attributed to the
antibody—receptor interaction.

2.8. Microscopy

2.8.1. Fixed cell microscopy

Confirmation of a-EGFR phage antibody internali-
zation was obtained by confocal microscopy. Cells
were grown on coverslips in 24-well plates and at
80% confluence were incubated with phage antibody
(10" cfu/ml, in fresh complete media) for 2 h at
37°C. Plates were placed on ice to halt receptor
internalization and the coverslips washed 10 times in
cold PBS (1 mil per wash). Cells were then washed
three times for 10 min in cold glycine buffer, pH 2.8
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(50 mM glycine, 150 mM NaCl) to remove surface
bound antibody. Cells were washed twice in cold
PBS, fixed in 4% paraformaldehyde for 10 min at
room temperature and then permeabilized in cold
methanol for 10 min at room temperature. Coverslips
were incubated with a-M13-biotin (5'-3', 1:2000
dilution in 0.5% BSA-PBS) for 30 min followed by
two washes in complete media. Phage were detected
by incubation with streptavidin-PE (Biosource Inter-
national, 1:1000 dilution) for 30 min while followed
by two washes in complete media. Coverslips were
mounted on microscope slides and 2-3 ul Vec-
torshield (Vector Laboratories) was applied to each
coverslip fo preserve fluorescence upon irradiation.

2.8.2. Live cells

scFv-mediated internalization of FITC-labeled
soluble-native scFv (100 pg/ml) or fluorescent
immunoliposomes was measured on live cells grown
on coverslips. E12 scFv immunoliposomes were
constructed as previously described and contained on
average 25 scFv/liposome (Park et al., 1998). Cells
were plated and grown overnight on coverslips to
80% confluency. Cells were incubated with 100 pg/
ml FITC-labeled (0.5 ml volume) or unlabeled scFv
or with 10 pM immunoliposomes for 2 h. Celis were
washed with PBS, coverslips removed and mounted
onto microscope slides for imaging. Images were
collected immediately using a Leica TCS NT con-
focal laser fluorescence microscope with digital
camera (Leica, Deerfield, IL, USA).

2.9. Affinity measurement on whole cells by FACS

Cells (A431, MDA-MB-468, MDA-MB-453) were
grown to 90% confluence in DMEM (A431) and
Leibovitz (MDA-MB) media supplemented with
10% FCS. Cells were harvested in 2 mM EDTA-
PBS. scFv was incubated with 2.5X10° cells for an
hour at varying concentrations (50 nM-2 pM). Cell
binding was performed on ice in PBS containing
0.25% BSA in a total volume of 100 pl. After two
washes in PBS-BSA (250 ul), cells were incubated
with saturating amounts of anti-myc 9E10 for 30 min
followed by two washes in PBS-BSA. Bound scFv
was detected by staining with saturating amounts of
anti-mouse FITC, Fc specific (1:200 dilution,
Sigma). After a 30 min incubation, cells were

washed twice and resuspended in PBS containing 1%
paraformaldehyde. Determination of the binding
affinity was determined using a flow cytometry based
assay as previously described (Benedict et al., 1997).

3. Results
3.1. Selection of EGFR antibodies

For selections, phage were prepared from a 7.0X
10° member human scFv phage antibody library
(Sheets et al,, 1998). To generate antibodies binding
EGFR, phage was selected on the A431 cell line
which overexpresses EGFR and on CHO cells
transfected with the EGFR gene (CHO/EGFR). For
selections on CHO/EGFR cells, the library was
depleted of antibodies binding common cell surface
receptors by adding phage to CHO/EGFR cells
grown adherent to subconfluency with untransfected
CHO cells in suspension. After 1 h at 4°C, CHO
cells were removed from the culture flask and warm
media at 37°C added to allow internalization into the
target CHO/EGFR cells. For selections on A431
cells, which grow in suspension, the phage library
was pre-depleted of antibodies binding common cell
surface receptors by incubation with fibroblast cells.
After 1 h at 4°C, the fibroblast cells were removed
by centrifugation and the phage added to A431 cells
in suspension at 4°C to allow binding followed by
incubation at 37°C to allow phage internalization.
After phage endocytosis, cells were extensively
washed and then lysed with TEA. The cell lysate
containing the internalized phage was used to infect
E. coli to prepare phage for the next round of
selection. Three rounds of selection were performed
with the efficiency of selection monitored by titering
the number of phage recovered from the cell lysate.
For selections on both A431 and CHO/EGFR cells,
the titer of phage recovered increased with each
round of selection, consistent with enrichment for
cell binding antibodies (Table 1).

3.2. Analysis of polyclonal phage for EGFR
binding by ELISA and FACS

To evaluate the success of selections, polyclonal
phage was prepared after each round of selection and
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Table 1

Results of selection of a-EGFR scFv on whole cells in three rounds

Round Ad31 CHO/EGFR
Phage titer Frequency of positives Phage titer Frequency of positives
(cfu) (cfu)

R1 1x10* ND 2x10° ND

R2 §x10° ND 8x10* ND

R3 8x10° 10/94 5%10° 47282

analyzed for binding to recombinant EGFR-ECD by
ELISA (Fig. 1). A signal significantly greater than
background binding was observed after three rounds
of selection on both A431 and CHO/EGFR cells
(Fig. 1). No significant binding above background
was observed after one or two rounds of selection on
either cell type. Binding of polyclonal phage from
the third round of selection to cell lines expressing
different quantities of EGFR was studied further by
flow cytometry. Phage selected on A431 cells
showed a significantly greater fluorescent shift on
CHO/EGFR cells than on CHO cells (Fig. 2 left
panels) and on the high EGFR expressing tumor cell
line MDA-MB-468 vs. the EGFR negative tumor cell
line MDA-MB-453 (Fig. 2 left panels). For phage
selected on CHO/EGFR cells, no significant differ-
ence in fluorescent shift was observed for binding to
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Fig. 1. Binding of polyclonal phage to recombinant EGFR as
determined by ELISA. Phage was prepared from the first, second
and third round of selections and analyzed for binding to
recombinant EGFR by ELISA. After the third round of selection,
binding was observed for selections performed on A431 cells and
for selections performed on CHO/EGFR cells.

CHO/EGFR cells vs. CHO cells (Fig. 2 right
panels). The strong shift on both cell lines indicates
that the majority of the phage bind antigens common
to CHO cells. Analysis of these phage for binding to
high EGFR expressing MDA-MB-468 cells com-
pared to EGFR negative MDA-MB-453 cells indi-
cates, however, the presence of a relatively small
number of phage binding EGFR (Fig. 2, right
panels).

3.3. Isolation and characterization of monoclonal
EGFR antibodies

Based on the ELISA and flow cytometry data
indicating the presence of EGFR phage antibodies,
individual clones were picked into 96-well microtiter
plates and expression of native soluble scFv induced.
Bacterial culture supernatants containing scFv were
analyzed by ELISA for their ability to bind recombi-
nant EGFR-ECD. For the third round of selection on
A431 cells, 10/94 clones (11%) bound EGFR-ECD,
while for the third round of selection on CHO/EGFR
cells, 4/282 (1%) clones bound EGFR-ECD (Table
1). The relative proportions of binders is consistent
with the ELISA and flow cytometry analysis of the
polyclonal phage. To determine the number of
unique antibodies, the scFv gene of all EGFR-ECD
binding clones was analyzed by BstN1 fingerprinting
followed by DNA sequencing. Two unique EGFR
antibodies (E12 and B11) were isolated from selec-
tions on A431 cells. For selections on CHO/EGFR
celis, the B11 scFv was re-isolated along with
another unique scFv (C10).

To determine whether the monoclonal antibodies
bound native EGFR as expressed on cells, phage and
native scFv were prepared from each of the three
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Fig. 2. Binding of polyclonal phage to EGFR expressing cells. Phage was prepared from the third round of selections performed on A431
cells and CHO/EGFR cells, and binding to a panel of cells was analyzed by fiow cytometry. For selections performed on A431 cells (left
panels), phage stained EGFR expressing cells (CHO/EGFR and MDA-MB-468 cells) more strongly than EGFR negative cells (CHO and
MDA-MB-453 cells). For selections performed on CHO/EGFR cells (right panels), no difference in staining was observed between
CHO/EGFR cells and CHO cells, however EGFR expressing cells stained more intensely than EGFR negative cells. This result suggests
that many antibodies were selected that bind antigens common to CHO cells with a minority of antibodies binding EGFR.

unique scFvs and used to stain cells which were
analyzed by flow cytometry. Each of the monoclonal
antibodies stained EGFR expressing cells (A431,
MDA-MB-468 and CHO/EGFR) but not EGFR
negative cells (MDA-MB-453 and CHO) both as
phage antibodies (Fig. 3) and as native scFv (Fig. 4).
The binding constant for EGFR of each of the native
scFvs was determined on A431 cells and on MDA-

MB-468 cells (for the E12 scFv). The K;, values
ranged between 217 and 300 nM (Table 2).

3.4. Cell binding and internalization of phage
antibodies and scFv

Since the phage antibodies were selected on the
basis of internalization, we examined the ability of
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Fig. 4. Binding of monoclonal scFv to EGFR positive and negative cell lines. Purified scFvs (E12, C10, and B11) were analyzed for the
ability to bind EGFR positive (A431, MDA-MB-468 and CHO/EGFR) and EGFR negative (MDA-MB-453 and CHO) cell lines by flow
cytometry. All three antibodies stained EGFR expressing cells and did not stain EGFR negative cells.
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Table 2
Binding affinity of «-EGFR scFv
scFv K, aM)
A431 MDA-MB-468
ER2 300 265
Ci0 217 . -
Bil 280 -

the phage antibodies to be endocytosed by EGFR
expressing cells. After incubation of EGFR express-
ing and EGFR negative cells with phage antibodies,
cells were fixed, surface phage removed with low-pH
glycine and intracellular phage detected with anti-
M13 antibody and confocal microscopy. Intracellular
phage were detected in EGFR expressing cells (e.g.,
A431, MDA-MB-468 and CHO/EGFR) but not in
EGFR negative cells (MDA-MB-453 and CHO).
Representative results are shown for the E12 scFv on
CHO/EGFR and CHO cells (Fig. 5) and on the
tumor cell lines MDA-MB-468 and MDA-MB-453
(Fig. 6). To determine if native scFv were endo-
cytosed by EGFR expressing cells, scFv were direct-
1y FITC labeled and incubated with live cells. After
incubation, cells were analyzed directly by confocal
microscopy allowing observation of surface bound
and intracellular scFv. Staining of EGFR expressing
cells was observed (e.g., A431, MDA-MB-468 and
CHO/EGFR) but no staining was seen for EGFR
negative celis (MDA-MB-453 and CHO). Much of
the scFv remained surface bound, with some in-
tracellular staining observed (Figs. 5 and 6 for
representative results with E12 scFv). To determine
the ability of the scFv to deliver a drug to EGFR
expressing cells, immunoliposomes were constructed
by fusing E12 scFv to the surface of HPTS con-
taining liposomes. Strong intracellular fluorescence
was observed for EGFR expressing cells, with no
fluorescence observed for EGFR negative cells.

4. Discussion

The first step in developing a targeted cancer
therapeutic is generating a ligand that specifically
binds to a receptor which is either tumor specific or
sufficiently overexpressed in tumors to provide
targeting specificity. Antibodies have proved to be

important targeting ligands for cell surface receptors,
especially with recent engineering techniques to
generate antibodies which are entirely human in
sequence. Libraries of antibodies displayed on phage
can rapidly generate panels of human antibodies to a
target antigen without the need for immunization
(Marks et al., 1991; Sheets et al., 1998). To generate
antibodies which bind native cell surface receptors,
we recently demonstrated that phage could be direct-
ly selected on tumor cell lines by recovering endo-
cytosed phage from within the target cell (Poul et al.,
2000). Compared to simply recovering phage from
the cell surface, intracellular phage recovery in-
creases specific enrichment of antigen binding anti-
bodies more than 10- to 30-fold (Becerril et al.,
1999). High enrichment ratios are essential for
successful selection of antibodies on heterogeneous
antigens such as the surface of cells. In our previous
publication, more than 10 unique tumor specific
antibodies were generated, two of which were de-
termined to bind ErbB2 and the transferrin receptor
(Poul et al., 2000).

For this work, we demonstrate that this approach
can be used to generate human scFv antibodies to a
known tumor antigen (EGFR). EGFR is a 170-kDa
transmembrane glycoprotein overexpressed in a
number of human cancers. Ligand binding induces
receptor dimerization which results in autophos-
phorylation of the kinase domain (Odaka et al.,
1997; Tzahar et al., 1997). Receptor internalization
occurs following dimerization and is believed to be a
mechanism of receptor signal downregulation. EGFR
antibodies were generated both by selecting on an
overexpressing cell line or by using a cell line
transfected with the target gene. The transfected
human EGFR has been shown to function normally
in its foreign environment: stimulation with EGF
leads to receptor phosphorylation and receptor inter-
nalization follows activation. Selection on the EGFR
transfected cell line permits use of the untransfected
parental cell line to deplete the library of phage
binding irrelevant receptors, enhancing enrichment
ratios. The two cell lines should differ only in the
presence of the target receptor. The availability of
the untransfected cell line also provides an ideal
reagent for the screening and characterization of
antigen specific clones following selection. The
ability to select on a transfected cell also eliminates
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CHO/EGFR cells CHO cells

Immunoliposomes

Fig. 5. Binding and internalization of the E12 phage antibody, scFv and immunoliposomes intoc CHO/EGFR and CHO cells. The E12 phage
antibody was detected with a-M13-biotin followed by streptavidin—phycoerythrin. The E12 scFv was directly labeled with FITC and
immunoliposomes containing the fluorescent dye HPTS constructed. Binding and internalization into CHO/EGFR and CHO cells of the
phage antibodies, scFv and immunoliposomes was analyzed by confocal microscopy on either fixed cells after stripping the cell surface of
antibody (for phage antibodies) or on live cells with no stripping of the cell surface (for scFv and immunoliposomes). Phage antibodies,
scFv, and immunoliposomes showed intracellular staining. Where the antibody was not removed from the cell surface (scFv and
immunoliposomes) surface staining was also observed.
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MDA-MB-468 MDA-MB-453
Phage

Immunoliposomes

Fig. 6. Binding and internalization of the E12 phage antibody, scFv and immunoliposomes into EGFR expressing MDA-MB-468 and EGFR
negative MDA-MB-453 cells. The E12 phage antibody was detected with «-M13-biotin followed by streptavidin—phycoerythrin. The E12
scFv was directly labeled with FITC and immunoliposomes containing the fluorescent dye HPTS constructed. Binding and internalization
into EGFR expressing MDA-MB-468 and EGFR negative MDA-MB-453 cells of the phage antibodies, scFv and immunoliposomes was
analyzed by confocal microscopy on either fixed cells after stripping the cell surface of antibody (for phage antibodies) or on live cells with
no stripping of the cell surface (for scFv and immunoliposomes). Phage antibodies, scFv and immunoliposomes showed intracellular
staining. Where the antibody was not removed from the cell surface (scFv and immunoliposomes) surface staining was also observed.
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the need to express and purify the target antigen in
order to select antibodies. This could significantly
speed development of antibodies to genes discovered
as part of genomic sequences.

Selection on EGFR overexpressing A431 cells
resulted in more efficient selection of EGFR anti-
bodies than selection on CHO/EGFR cells (a higher
percentage of antigen binding clones, although both
selections yielded two unique antibodies). This
occurred despite depletion of non-EGFR binding
phage using the parental CHO cell line. In fact, the
depletion was found to have been insufficient as
FACS analysis showed that polyclonal phage bound
both CHO/EGFR cells and CHO cells. The differ-
ence in efficiency between the two selections could
potentially be attributed to a greater cell surface
receptor density on A431 cells than on CHO/EGFR
cells. Although not quantified, a Western blot of the
cell lysates demonstrated a greater signal for A431
cells as compared to CHO/EGFR cells. Interestingly,
one antibody was common to both selections (A431
or CHO/EGFR), whereas each of the remaining two
antibodies were only selected on one of the cell types
(A431 or CHO/EGFR). This result suggests that
selection on multiple cell types may yield a greater
number of antibodies.

The phage antibodies generated in this and previ-
ous work (Poul et al., 2000) were internalized by
cells as determined by immunofluorescence and
confocal microscopy. In both reports, the phage
antibodies were selected from lbraries where mono-
meric scFv were displayed as single copies in a
phagemid system. In fact, all large non-immune
libraries display monovalent antibody fragments
(either scFv or Fab) as single copies using a
phagemid vector. Since antibodies typically need to
be bivalent to crosslink receptors and trigger endo-
cytosis (Heldin, 1995; Yarden, 1990), successful
selection of internalizing antibodies from phagemid
libraries would require that: (1) the scFv formed
spontaneous scFv dimers (diabodies) on the phage
surface, as has been reported for some scFvs; (2) the
monovalent scFv mimicked the natural receptor
ligand leading to receptor aggregation and endo-
cytosis or (3) increased phage display levels led to
greater than one scFv per phage. In our previous
work, the two scFvs studied extensively (anti-ErbB2
and anti-transferrin receptor) were stable scFv mono-

mers in solution and were significantly endocytosed
into cells as monomeric scFv. In the case of the
transferrin receptor antibody, the scFv was a ligand
mimetic and could compete with the natural ligand
transferrin for binding to the receptor. In the case of
the ErbB2 scFv, the mechanism by which it was
endocytosed as a monomer is unknown. In the
present work, the E12 scFv shows evidence of
spontaneous dimerization (diabody formation) by gel
filtration which could explain how it could crosslink
receptors and trigger endocytosis. Interestingly, the
purified scFv monomer (separated from dimer)
shows significantly more surface membrane staining
than intracellular staining (Figs. 5 and 6), especially
compared to the multimeric immunoliposomes or to
phage (which couid be displaying dimeric scFv). In
the case of the other two EGFR scFvs (which form
stable monomers) the mechanism of endocytosis is
unclear. We did not study whether the EGFR anti-
bodies were ligand mimetics,

The approach described would be limited to those
receptors capable of undergoing endocytosis. While
this eliminates some useful cell surface targets,
ligand binding and receptor internalization is a
common mechanism for receptor and signaling regu-
lation. Since most antibodies need to be bivalent to
crosslink receptors and be efficiently endocytosed,
one mechanism to increase the applicability of this
selection methodology would be to construct bivalent
diabody libraries in a phagemid vector or scFv
libraries in a multivalent phage vector. This should
open up the selection approach to more epitopes on
more target antigens. Our model system results
indicate that the most efficient selection format
would be display on phage (Becerril et al., 1999), an
approach which is presently under investigation.

The therapeutic utility of scFvs generated by this
approach depends on the specific molecules to be
targeted by the antibodies and the properties of the
antibody. For many therapeutic approaches (im-
munotoxins, immunoliposomes, gene therapy) in-
tracellular delivery of the toxic molecule is essential.
Other approaches, for example bispecific antibodies
or enzyme activated prodrugs, require that the anti-
body and effector molecule remain on the cell
surface. Based on the present results (and our prior
publication), the selection strategy described gener-
ates two types of scFv: those that are endocytosed in
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their monomeric form (probably the majority of
scFvs) and those that remain on the cell surface as
monomers but are endocytosed when dimeric or
multimeric. scFvs which are endocytosed as mono-
mers could only be used for targeting effector
molecules that are active intracellularly. scFvs which
are primarily endocytosed as dimers could be used to
leave effector molecules on the cell surface (when
used as monomeric antibody fragments) or to deliver
drugs intracellularly (when used as bivalent
diabodies or IgG or when targeting multivalent
nanoparticles).

In conclusion, we report the successful selection
of EGFR antibodies from a phage library by selec-
tion for internalization into overexpressing cells or
transfected cells. The scFvs are specific for EGFR
expressing cells and can be used to target nanoparti-
cles for intracellular drug delivery. Use of a trans-
fected cell line allows selection of antibodies to
native receptors without the need for protein expres-
sion and purification, significantly speeding the
generation of targeting antibodies to genomic se-
quences.
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Figure 1. A representation of the sub-cloning strategy employed to transfer the scFv

gene repertoire of the phagemid

library from the phagemid vector pHENT into the phage vector fd-Sfil/NofL. A 1.3 kb stuffer fragment was first sub-
cloned into the phage vector fd-5fil/Notl using the restriction sites fd-Sfll/NofI fo facilitate the subsequent sub-cloning
of the scFv repertoire into this vector. These restriction sites were used fo excise the scFv gene repertoire from pHENI.
The SfI site is located within the pelB gene sequence and the NotI restriction site abuts sequence coding for three
alanine residues 5 to a c-myc epitope tag and an amber stop codon before the gene HI sequence. Sub-cloning of the
scFv repertoire into fd-tet places it in-frame with a hybrid gene Ill-pelB leader sequence and abutting the alanine-

coding sequence immediately 5 of the gene HI sequence.

with phagemid display.® To select more efficiently
phage antibodies that trigger receptor-mediated
endocytosis,”® we constructed a naive phage anti-
body library in the phage vector fd-tet>® We
reported previously that display of scFv on phage
resulted in more efficient selection of antibodies
using antigen blotted onto nitrocellulose than with
phagemid libraries,” and we reported the success-
ful selection of fetal erythrocyte antibodies by
direct selection of a phage antibody library on
fetal erythrocytes.’® These successes led us to
hypothesize that phage libraries might result in
more efficient selection of antibodies on less
complex antigens, such as purified proteins or
peptides, compared to phagemid libraries. To test
this hypothesis, we selected naive phage and
phagemid antibody libraries on two proteins and
one phosphopeptide using the most commonly
employed method of antigen immobilization, coat-

ing of immunotubes. We compared the efficiency
of antibody display, efficiency of antibody selec-
tion, diversity of antibodies generated, and the
binding constants and expression levels of the
selected antibodies. The results have implications
for library design, selection methodology, and ease
of selection automation.

Results

Library construction and characterization

A 70X 10° member non-immune human scFv
phagemid antibody library has been constructed
and characterized® To create a non-immune
human scFv phage antibody library, the scFv
gene repertoire was excised from the phagemid
library and subcloned into the phage vector
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Helper Phagerid Library Figure 2. Anti-plll Western blot
phage 1 2 3 4 5 6 7 8 9 1 of (a) total library phage and (b} of
‘ —scFy-plll  randomly picked unselected clones.
. Phage particles were prepared from
. phage or phagemid libraries and
—pllI electrophoresed on a 10% poly-
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fd-tet-Sfil/Notl (Figure 1) After ligation and
transformation of Escherichia coli, a library of 5 x 10
tetracycline-resistant colonies was obtained.** PCR
screening indicated that 20/20 clones contained an
scFv-sized insert, giving a library size of 5x 105
To determine the relative efficiencies of scFv
display on the phage pliI, polyclonal phage was
prepared from the phage and phagemid libraries.
Phage prepared from the two libraries was sub-
jected to SDS-PAGE followed by Western blotting,
with detection using anti-pIll antibody. The
amount of scFv-plll fusion protein was signifi-
cantly greater in the phage library compared to
the phagemid library, as was the ratio of scFv—pHI
fusion compared to wild-type pII (Figure 2(a)).
Similar analysis was performed on ten naive clones
selected at random from the two libraries. All ten
clones from the phage library had detectable
scFv-plll fusion protein compared to only three
of ten clones from the phagemid library (Figure
2(b)). For clones with detectable fusion protein,
the ratio of fusion protein to wild-type pllI was
greater for the clones from the phage library.

10

acrylamide gel. Helper phage was
used as a control to indicate the
location of wild-type pHl The
plI and scFv-plll fusions were

Polyclonal or monoclonal phage
I antibodies demonstrated signifi-
—P cantly more scFv-pIll fusion
than polyclonal or monocional

phagemid antibodies.

-! —scFy-plll  detected with ‘a pIl antibody.

Selection of antigen-binding phage antibodies

Phage and phagemid libraries were subjected to
three rounds of selection on three different anti-
gens immobilized on immunotubes: two protein
antigens, PcrV and TREM 2a, and one phospho-
peptide, ErbB2 Y1023 (DLVDAEEYLVPQQGF).
After each round of selection, the frequency of anti-
gen-binding phage antibodies was higher from the
phage antibody library compared to the phagemid
library for all three antigens (Table 1). For two of
the antigens, 5-6% of clones bound antigen after a
single round of selection using the phage library.
In contrast, only a single binder was detected after
the first round of selection using the phagemid
library. After two rounds of selection, 35-78% of
clones bound antigen using the phage library
{Table 1). In contrast, 2-29% of clones bound anti-

after the second round of selection using the
phagemid library. To determine the impact of
selection on the diversity of the selected antibodies,
the scFv gene from antigen-binding clones
was subjected to PCR fingerprinting? All

Table 1. Frequency (%) of antigen-binding phage antibodies as a function of selection round

Antigen Round 1 phage Round 2phage Round 3phage Round 1 phagemid Round 2 phagemid Round 3 phagemid

ErbB2 Y1023 54 391 936 11 6.5 936
PaV 65 78.3 97.9 0 28.7 95.7
TREM 2a 0 348 100 g 22 478

Phage and phagemid libraries were selected on antigen and the

In all, 96 clones from each round of selection were screened.

frequency of binding phage antibodies was determined by ELISA.
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Table 2. Effect of phage antibody library type and
selection round on the number of unique antibodies
identified

Phage library

N Phagemid library
Antigen
Round2 Round3 Round2 Round3
ErbB2 Y1023 23/35 11/88 4/6 7/88
ParV 14/72 8/92 4/24 9/90
TREM 2a 8/32 9/94 2/2 4/44

All antigen-binding clones from the 96 clones screened from
each round of selection were subjected to PCR fingerprinting to
determine the number of unique antibodies present. Numbers
represent the number of unique antibodies identified/the
number of antigen-binding clones screened.

antigen-binding clones from the second and third
rounds of selection for both Hbraries on each
antigen were fingerprinted (Table 2; Figure 3).
After the second round of selection, a much larger
number of unique antibodies were identified from
the phage library {eight to 23) compared to the
phagemid library (two to nine} for all antigens.
Across the three antigens there was between 1.66
and 5.75 times as many unique clones from the
fd-tet library than the phagemid library. After a
third round of selection, the number of unique
antibodies decreased for both types of libraries,
with the phage library still showing a greater
number of unique antibodies compared to the
phagemid library.

Further characterization of selected clones

To determine the impact of the display system
on the equilibrium binding constants of the anti-
bodies, the scFv genes from PcrVebinding phage
antibodies were sublconed into the vector pUC119
S5fi-NotmycHis, resulting in the fusion of a hexa-
histidine tag at the C terminus of the scFv.”® ScFv
was expressed, harvested from the bacterial peri-
plasm, and purified by immobilized metal-affinity
chromatography (IMAC) followed by gel-filtration
to remove any aggregated or dimeric scFv. The
scFv from three phagemid and eight phage clones
were purified, with the expression yields greater
for the phage clones compared to the phagemid

Round 2 Phage

(Table 3). Association and dissociation rate con-
stants were measured using surface plasmon reso-
nance in a BlAcore and used to calculate the
equilibrium dissociation constant (Kg). Two of
the three K, values were below 50nM from the
phagemid library, with the lowest-affinity scFv
having a K, value of 140 nM (Table 3). In contrast,
all K4 values of scFv from the phage antibody
library were higher (lower affinity) than scFv
from the phagemid library, ranging from 148 nM
to 1160 nM (Table 3}.

Discussion

For this work, we compared human scFv phage
antibody libraries constructed in phage and phage-
mid vectors. The library in a phage vector yielded
a greater number of scFv antibodies per antigen
than the phagemid library (15.0 versus 5.7). The
number of antibodies per antigen is also greater
than reported for ten other phagemid antibody
libraries (Table 4). This is likely due to the fact
that multiple copies of antibody fragment allow
multivalent binding to antigen, thus allowing
selection of scFv with monovalent binding con-
stants that are either too low to be selected or are
selected inefficiently when present in a single
copy on phage. For the phage library, the
frequency of antigen-binding antibodies was
greater at each round of selection. In fact, a rela-
tively high frequency (5-6%) of antigen-binding
antibodies was present after a single round of
selection from the phage library. Such improved
selection efficiency likely results from the increased
efficiency of antibody fragment display, as well as
an increase in the functional binding constant due
to an avidity effect resulting from display of mul-
tiple copies of antibody fragment.!* The net result
of increased selection efficiency is that it is possible
to screen for binding antibodies after a single
round of selection. Screening after a single round
of selection greatly simplifies automation of the
selection process, since it is not necessary to
amplify phage for subsequent rounds of selection
by culturing.

The mechanism of improved antibody fragment
display in phage vectors compared to phagemid

Round 2 Phagemid

Figure 3. Genotype of anti-PcrV
scFv from the second round of
the phagemid and phage library
selections. The BsfNI digest of the
scFv genes identifies four unique
phagemid clones with 14 unique
phage clones.
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Table 3. Affinities, binding kinetics and expression levels for anti-PcrV phagemid and phage clones

Ks (x10° M) ko (X 10°M™1s7Y) ko (X 107%7Y) Expression level (mg/ml)
Phagemid clone
PcrV SA2 32 6.05 0.0197 0.033
PerV SA7 ) 37 5.68 0.0231 046
ParV SE1 141 202 0.0285 0.28
Phage clone
ParV FD6 148 286 0.0426 0.18
PerV FC11 227 2.63 0.0615 110
PcrV FD3 400 } 1.06 0.0464 114
PerV FAS 687 5.38 0.37 110
PerV FF4 751 0.812 0.0643 110
PcrV FG2 819 0.183 0.015 050
PerV FE2 992 0.388 0.0385 0.50
PcrV FATL 1160 0541 0.0628 0.53

Association (k) and dissociation (k. rate constants for purified scFv were measured by using surface plasmon resonance

(BlAcore) and K, was calculated as k.u/ko

vectors is unclear. In the phage vector, expression
of the pllI-scFv fusion is driven by the natural
phage promoter and no helper ;Jhage is required
for phage particle generation™ "V A powerful
transcriptional terminator is present after pVIII
prior to the pIll gene, and the plll gene initiation
codon is for valine.™® All of the above features
likely result in minimal, yet perfectly regulated
Pl expression.’® In phagemid vectors, pIli-scFy
expression is typically driven by the Ilac
promoter.”** Expression of scFv—plil fusion pro-
tein results either from leaky expression after
the exhaustion of the inhibitor glucose from the
medium, or by addition of small amounts of IPTG
if the lac repressor is included in the phagemid

vector. Since both pllI and scFv protein are toxic
to E. coli, increased expression, as may occur using
artificial promoters, may actually lead to less,
rather than more, fusion protein.’*®? In addition,
phagemid systems require the addition of helper
phage for phage particle generation. Wild-type
pHI from the helper can compete with pIll-scFv
fusion protein for incorporation into the phage
particle.’ Furthermore, infection by helper phage
is hindered or blocked in the presence of pIll
expression in E.coli” Thus leaky expression of
plil-scFv fusion may prevent subsequent infection
with helper phage. Since different scFv genes and
gene product sequences have differential toxic
effects on E. coli,”® different library members may

Table 4. Comparison of protein binding antibodies selected from non-immune phage-display antibody libraries

Average number Number of Range of affinities
Library size Number of of antibodies affinities for protein antigens

Library and type protein antigens studied  per protein antigen measured (x10° M)

Marks et al.” 3.0x107 2 25 1 100-2000
{scFv, N)

Nissim ef al.* LOx10° 15 26 ND ND
(scFv, SS) )

DeKruif ef al.® 36%10° 12 19 3 100-2,500
{scFy, S5} -

Griffiths ef al." 6.5 x 10" 30 48 3 7.0-58
(Fab, 55)

Vaughan ef al.? 14X 107 3 7.0 3 42-80
(scFv, N)

Sheets ¢f al.* 6.7 X 10° 4 87 8 022-715
(scFv, N}

Little ef al.>* 40%10° 2 35 ND ND
(scFv, N)

Sbiattero & Bradbury™ 20x10° 7 614 4 156-59.8
(scFv, N)

Soderlind et al.> 30x 10" 6 3.67 2 31-76
(scFy, N)

de Haard et al® 3.7 % 10% 6 14 3 2.71-388
(Fab, N)

This work 5x10° 3 153 un 148-1160
(scFv, N}

All libraries were constructed in phagemid vectors, except Griffiths ¢f al. and for this work. N, natural scFv gene repertoire; 55,

semi-synthetic scFv gene repertoire.
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differ significantly in the rate at which they are
rescued and packaged by helper phage infection.
This effect may explain why scFv from the phage
library had higher expression levels than scFv
from the phagemid library. scFv with higher levels
of expression may result in higher levels of pIII-
scFv fusion protein in E.coli and inhibition of
infection with helper phage. Such scFv would not
be displayed and hence would not be selected.

In contrast to the improved efficiency of selec-
tion, the monovalent affinities of the selected scFv
antibodies were lower from the phage library com-
pared to the phagemid library. There are two pos-
sible explanations. First, multicopy display in
phage vectors results in an avidity effect, allowing
the selection of antibodies with a lower mono-
valent binding constant than are selectable from
the monovalent display phagemid system.** In a
repertoire of given size, the frequency of lower-
affinity binders will be greater than the frequency
of higher-affinity binders.”® Thus, lowering of the
selection affinity threshold by itself biases for an
increased frequency of lower-affinity antibodies.
Moreover, the greatest increment in affinity when
antibodies are multimerized occurs with the
lowest-affinity antibodies.? Thus, multivalent dis-
play minimizes the differences in monovalent
binding constants, thus reducing the selection for
higher-affinity binders that normally occurs with
monovalent display. It might be possible to over-
come this avidity effect by selecting on soluble
antigen in solution.”® The second explanation for
selection of lower-affinity antibodies from the
phage library is that the library size was 14 times
smaller than the phagemid library. However, since
all members of the phage library showed detect-
able scFv-plHl display compared to only 30% of
the phagemid library, it is likely that functional
library size differed only by fourfold. Larger
libraries yield antibodies of higher affinity (Table
4).22 While we could have corrected for the differ-
ence in library size by using only a portion of the
phagemid library, the current analysis reflects
more accurately the library sizes that can be gener-
ated reasonably from the two systems; phage
transfection efficiencies are significantly lower
than phagemid.

In conclusion, we have shown that phage
libraries result in greater antibody display levels
and more efficient selection on antigen. A greater
number of antibodies are generated, but are of
lower affinity than from phagemid libraries.
Phage libraries may be more useful than phagemid
libraries for automated selections, especially if
secondary screens for affinity are available, or
when antibodies with rare biologic properties are
desired. If the affinities of the selected antibodies
are inadequate, then in vitro affinity maturation
can be performed. Alternatively, the phage library
could be converted to primarily monovalent
display after a single round of selection (either by
subcloning into a phagemid vector or by treating
the phage with trypsin). Phage libraries are

probably more useful for cell selections, especiall
for triggering of receptor-mediated endocytosis.5?
Phage libraries will be useful for antibody gener-
ation for applications where the antibody will be
used in multiple copies and the monovalent
binding constant is not important. In contrast,
phagemid libraries appear more useful when the
highest-affinity antibodies are desired with mini-
mal secondary screening.

Materials and Methods

Library construction and characterization

For the non-immune phagemid kibrary, a previously
reported human scPv antibody library containing
6.7 X 10° members was utilized.* For the non-immune
phage library, scFv genes were excised as SfiI-Nofl frag-
ments from DNA prepared from the 6.7 X 10° member
phagemid library and gel-purified. The scFv gene reper-
toire was ligated into the phage vector fd-Sfil/Not¥
(provided by Dr Andrew Griffiths, MRC, Cambridge).
Ligation mixtures were used to transform E. coli TG1
and the transformation mixture plated on Tryptone-
yeast extract (TYE)-Tet plates (TYE plates containing
15 pg/ml of tetracycline). Library size was calculated by
counting the number of tetracycline-resistant colonies.
Library quality was verified by determining the per-
centage of clones with an insert the appropriate size for
an scFv gene by colony PCR screening using the primers
fdseq” and fd2.' Library diversity was confirmed
by BstN1 fingerprinting the amplified scFv genes” as
described. The library was stored in 2 X TY-Tet (2 X TY
containing 15 pg/ml of tetracycline) containing 15%
{(v/v) glycerol at —80°C.

For the phagemid library, phagemid particles were
prepared by rescue withVCS-M13 helper phage (Strata-
gene) as described.” For the phage library, phage
particles were prepared by inoculation of 11 of
2 X TY-Tet with an aliquot of library glycerol stock and
the culture grown overnight at 30°C with shaking at
250 rpm. Phage were harvested by centrifugation,
concentrated by precipitation with PEG” and purified
by CsCl gradient-centrifugation as described. Phage
concentration was determined by titering on E. coli TG1.

The extent of scFy—plil fusion was determined for
both polyclonal phage prepared from the libraries and
for randomly picked individual clones by Western blot-
ting. For Western blot, 3 x 10" phage were boiled in
denaturing SDS buffer, subjected to SDS-PAGE and
electroblotted onto nitrocellulose membranes. Mem-
branes were blocked with 5% (v/v) milk/PBS for 60
minutes at room temperature. Membranes were incu-
bated with a 1:3000 dilution of pIII antibody (Mo Bi Tec)
in 5% milk/PBS for 60 minutes at room temperature.
Membranes were washed in PBS/0.05% (v/v) Tween
and incubated with a 1:1000 dilution of anti-mouse/
HRP (Santa Cruz) for 30 minutes at room temperature.
Membranes were further washed in PBS/0.05% Tween
and the HRP conjugate detected with ECL detection
reagent (Amersham Pharmacia).

Selection of phagemid and phage antibodies

Libraries were selected using 75 mmXI2mm
immunotubes (Nunc; Maxisorb) coated overnight at
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4°C with 2mi of 50 pg/ml ParV® 50 pg/ml of TREM
23 or the tyrosine phosphorylated peptide P-Y1023
(DLVDAEEYLVPQQGF) taken from the cytoplasmic
domain of human ErbB2* For phosphopeptide selec-
tions, peptide was first conjugated to maleimide-
activated bovine serum albumin (BSA; Pierce) as
described by the manufacturer. Tubes were coated with
10 pg/ml of BSA-peptide conjugate. Tubes were blocked
with 2% (w/v) skimmed milk powder in PBS for one
hour at room temperature, and then the selection,
washing and elution procedures were performed
as described” using phage at a concentration of
5.0 X 10" units/ml. Then 500 ul of the eluted phage was
used to infect 10ml of log-phase growing E. coli TG1,
which were plated on TYE-AMP-Glu plates (TYE plates
containing 100 pg/ml of ampicillin and 1% (w/v)
glucose) (phagemid library) or on TYE-Tet plates. Phage
or phagemid particles were prepared and concentrated
as described above and used for the next selection
round. The phage preparation-selection—plating cycle
was repeated for three rounds.

Phage ELISA

Antigen-binding phage antibodies were identified by
phage ELISA. For ELISA, individual colomies were
picked into 96-well microtiter plates containing 2 X TY-
AMP-Glu {phagemid library) or 2XTY-Tet (phage
library). For phagemid libraries, phage particles were
rescued by the addition of VCS-M13 helper phage as
described.” Bacteria were grown overnight at 30 °C, the
bacteria pelleted, and supernatant containing phage
particles used for ELISA. For ELISA, microtiter plates
{Falcon 353912, Becton Dickinson} were coated overnight
at 4°C with 50 pl/well of 10 pg/ml of PerV, 10 pg/ml
of TREM 2a, or 10 ug/ml of BSA-peptide conjugate.
The next day, wells were blocked for two hours at room
temperature with 2% skimmed milk powder in PBS.
Phage binding was detected with anti-M13 antibody
{Amersham Pharmacia) diluted 1:3000 in PBS followed
by ABTS as described.” The number of unique phage
antibodies was estimated by PCR fingerprinting of the
scFv genes with the restricion enzyme BsiNI as
described.

ScFv purification and affinity measurements

For purification, scFv genes were subcloned into the
expression vector pUC119 Sfi-NotmycHis, resulting in
the fusion of a hexa-histidine tag at the C terminus of
the scFv."® scFv was expressed and purified by immobi-
lized metal-affinity chromatography followed by gel-
filtration on a Sephadex 75 column to remove aggregated
or dimeric scFv as described® The concentration of
purified monomeric scFv determined spectrophoto-
metrically, assuming an Az Of 1.0, correlates to an
scFv concentration of 0.7 mg/ml.

Association (k,,) and dissociation (k) rate constants
were measured using surface plasmon resonance in a
BlAcore and used to calculate the equilibrium dis-
sociation constant. In a BlAcore flow-cell, approximately
600 resonance units (RU) of PcrV (15 pg/ml in 10 mM
sodium acetate, pH 4.5) were coupled to a CM5 sensor
chip using NHS-EDC chemistry” This amount of
coupled PcrV resulted in scFv RUp,. of 100-175 RU.
The surface was regenerated after binding of scFv using
4M MgC(l,. The Ky of scPv was calculated from the

" association (k) and dissociation (k) rate constants

determined in the BlAcore (Kg = ko/kon). Association
was measured under continuous flow of 5 pl/minute
using a concentration range of scFv from 50nM
to 1000nM. The association rate constant (k.. was
determined from a plot of (n(dR/dH)/t versus
concentration.” The dissociation rate constant (k) was
determined from the dissociation part of the sensorgram
at the highest concentration of scFv analyzed, using a
flow rate of 30 pl/minute to prevent rebinding.
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The ability to isolate fetal nucleated red blood cells (NRBCs) from
the maternal circulation makes possible prenatal genetic analysis
without the need for diagnostic procedures that are invasive for
the fetus. Such isolation requires antibodies specific to fetal NRBCs,
To generate a panel of antibodies to antigens present on fetal
NRBCs, a new type of nonimmune phage antibody library was
generated in which muitiple copies of antibody fragments are
displayed on each phage. Antibody fragments specific for fetal
NRBCs were isolated by extensive predepletion of the phage
library on adult RBCs and white blood cells (WBCs) followed by
positive selection and amplification on fetal liver erythroid cells.
After two rounds of selection, 44% of the antibodies analyzed
bound fetal NRBCs, with two-thirds of these showing no binding
of WBCs. DNA fingerprint analysis revealed the presence of at least
16 unique antibodies. Antibody specificity was confirmed by flow
cytometry, immunohistochemistry, and immunofluorescence of
total fetal liver and adult RBCs and WBCs. Antibody profiling
suggested the generation of antibodies to previously unknown
fetal RBC antigens. We conclude that multivalent display of anti-
bodies on phage leads to efficient selection of panels of specific
antibodies to cell surface antigens. The antibodies generated to
fetal RBCantigens may have clinical utility for isolating fetal NRBCs
from maternal circulation for noninvasive prenatal genetic diag-
nosis. Some of the antibodies may also have possible therapeutic
utility for erythroleukemia.

antibody phage display | monoclonal antibody | single chain Fv | fetal
erythroid antibodies™

't has long been known that fetal red blood cells (RBCs)
routinely leak into the maternal circulation during normal
pregnancy (1, 2). More recently, it has been established that a
very small number of fetal nucleated RBCs (NRBCs) are also
routinely present in the maternal circulation (3, 4). These cells
are considered the ideal target for noninvasive DNA prenatal
diagnosis, but presently they cannot be readily isolated from the
maternal circulation in high enough numbers and purity for
routine clinical use. Because the isolation methods for purifying
fetal NRBCs from maternal circulation rely on antibody-based
separation and detection techniques, progress in this area has
been hampered by the relative lack of antibodies to unique fetal
erythroid antigenic determinants (5). Well characterized anti-
gens expressed on fetal erythroid cells but not adult RBCs, such
as CD71 and CD36, are also expressed on a number of adult
. white blood cells (WBCs) resulting in contamination by many
WBCs in purification techniques relying on these antibodies.
Fetal erythroid lineage antigens classically have been identi-
fied by massive screening of mAbs produced by conventional
murine hybridoma technology using mice immunized with hu-
man fetal NRBCs. The majority of antibodies generated by this
method are nonspecific and react with irrelevant epitopes
present on all human cells. Conventional murine hybridoma
technology also tends to produce antibodies only to immuno-
genic antigens, because it relies on natural immune response in
an animal. Thus, antibodies to antigens that are strongly evolu-
tionarily conserved tend not to be produced by this technology.
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To overcome these limitations, we applied antibody phage
display technology to isolate new fetal erythroid lineage specific
antibodies. In antibody phage display, large nonimmune libraries
are created and display single-chain variable antibody fragments
(scFv) on the surface of filamentous bacteriophage virions (refs.
6 and 7; reviewed in ref. 8). The gene for the displayed antibody
is carried in the phage genome, thus linking genotype with
phenotype. Antigen specific antibodies are selected from the
library by a variety of different affinity chromatography tech-
niques. Because this approach does not depend on a natural
immune response and uses entirely in vifro selection techniques,
antibodies can be isolated to any antigens, including nonimmu-
nogenic and conserved antigens (9-11). Antibodies to cell
surface antigens can be directly isolated from phage antibody
libraries by panning on cells, including blood cells (12,13). In
fact, RBCs were the first cell type used to demonstrate the
feasibility of cell surface selection by antibody phage display
(12). Such cell selections, however, have not proven generally
successful for generation of panels of cell-type specific antibod-
ies. Here we describe the generation of a new type of nonimmune
phage antibody library in which multiple copies of antibody
fragments are displayed on each phage and report its successful
application to generate a panel of antibodies to unique fetal
erythroid cell surface markers.

Methods

Blood Cell Preparations. Buffy coats containing peripheral blood
leukocytes were obtained from the Irwin Memorial Blood Bank
(San Francisco). Fetal livers of gestational ages ranging from
14-24 weeks were obtained from San Francisco General Hos-
pital with the approval of the University of California, San
Francisco Committee for the Protection of Human Subjects. For
phage antibody selection and immunocytochemistry, fetal ery-
throid cells were isolated from the human fetal liver by straining
through 70 um nylon mesh {Becton Dickinson Labware, Frank-
lin Lakes, NJ) to remove fetal hepatocytes and clumped cells,
followed by panning on polystyrene plates coated with anti-
glycophorin A (GPA) antibodies (Beckman Coulter, Westbrook,
ME)at 10 pg/ml in 0.5 M Tris-HCI (pH 9.5) as follows: fetal cells
were resuspended in 3 ml of PBS supplemented with 5% FCS at
a concentration of 107 cells/ml and allowed to attach for 2 h at
4°C. Cells that did not attach were removed by washing four
times with PBS /1% FCS.

For flow cytometry, light-density fetal liver cells, containing a
high proportion of immature erythroid progenitors, were iso-
lated by first homogenizing the liver through a wire mesh and
washing the cells in PBS containing 0.5% fraction-V ethanol-

Abbreviations: scFv, single-chain variable antibody fragment; RBC, red blood cell, WBC,
white blood cell; NRBC, nucleated RBC; GPA, glycophorin A; PEG, polyethylene glycol; FITC,
fluorescein isothiocyanate; PE, phycoerythrin.
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extracted BSA (Boehringer Mannheim), and 50 ug/ml genta-
micin (GIBCO/BRL). The fetal liver cells were next layered
on a 1.077 g/ml solution of Nycoprep (GIBCO/BRL) and
centrifuged at 1,000 X g for 25 min at room temperature. The
cells were washed and resuspended in PBS/0.5% BSA for
phenotypic analysis. Light-density fetal liver celis depleted of
GPA* cells were prepared by immunomagnetic bead depletion
as described (14).

Phage Display Library Construction. To generate phage displaying
multiple copies of antibedy fragment, an scFv phage antibody
library was constructed in fd phage. The fd phage display library
(B.B., Dave O’Connell, and J.D.M,, unpublished work} was
derived from a 7 X 10° member phagemid library (11) by
subcloning the Sfil/NotI scFv insert from pHEN1 into
fd-S§fil/NotI (15), (provided by Andrew Griffiths, Medical Re-
search Council, Cambridge, U.K.). Ligation mixtures were used
to transform Escherichia coli TG1 and the transformation mix-
ture plated on TYE plates containing 15 pg/ml tetracycline.
Library size was calculated by counting the number of tetracy-
cline-resistant colonies. Library quality was verified by deter-
mining the percentage of clones with inserts of appropriate size
for an scFv gene, performed by colony PCR screening using the
primers fdseq (7) and fd2, 5’-TTTTTGGAGATTTTCAAC-3'.
Library diversity was ‘confirmed by BstN1 fingerprinting the
amplified scFv genes (16) as described in ref. 7. The library was
stored in 2X TY containing 15 pg/ml tetracycline and 15%
glycerol at ~80°C.

Phage Library Preparation and Selection. Phage were prepared by
inoculation in 1 liter of 2X TY containing 15 pg/mi tetracycline
with an aliquot of library glycerol stock, and the culture was
grown overnight at 30°C with shaking at 250 rpm. Phage were
harvested by centrifugation, concentrated by precipitation with
polyethylene glycol (PEG) (7), and purified by CsCl gradient
centrifugation as described (17). Phage concentration was de-
termined by titering on E. coli TG1.

Before selection, the phage library was extensively depleted
against a mixture of adult RBCs and WBCs. A total of 1012 phage
particles were incubated with 10° adult RBCs and 108 adult
WECs in PBS/1% BSA in a total volume of 1 ml for 15 min at
room temperature with rotation. After incubation, phage bind-
ing adult RBCs and WBCs were removed by centrifugation and
collection of the supernatant. The supernatant was used to
resuspend fresh adult RBCs and WBCs. This procedure was
repeated six times each with adult RBCs and WBCs The
supernatant was further depleted of phage binding adult RBCs
by incubation for 60 min at 4°C with adult RBCs attached to
15-cm polystyrene plates coated with 10 ug/ml anti-GPA anti-
bodies. This supernatant was further depleted of phage binding
‘WBCs by incubation for 60 min at 4°C with adult human WBCs
attached to 15-cm polystyrene plates coated with 10 pg/ml
anti-CD45 and anti-CD13 (Caltag, Burlingame, CA).

After the depletion steps, supernatant containing phage was
incubated at 4°C for 60 min with fetal NRBCs attached to 10-cm
polystyrene plates coated with 10 pg/ml anti-GPA antibodies.
Plates were washed 10 times with 10 ml of ice-cold PBS/0.5%
BSA. After washing, the fetal RBCs were scraped off the plates,
washed twice with PBS/0.5% BSA and collected by centrifu-
gation. After washing, fetal RBCs were lysed with 1 ml of 100
mM Triethlyamine (Sigma). The lysate was neutralized with 0.5
ml of 1 M Tris'HCI (pH 6.8) and then used to infect 10 ml of
exponentially growing E. coli TG1 as described (7). E. coli was
grown at 37°C for 1 h with shaking at 250 rpm after which time
the culture was plated on TYE plates containing 15 ug/ml
tetracycline. After overnight growth, colonies were scraped from
the plates and used to generate phage for a second round of
selection using depletion and positive selection steps as de-
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scribed above. The number of unique scFv was estimated by PCR
fingerprinting of the scFv genes with the restriction enzyme
BstNL

Flow Cytometry. For flow cytometry, phage was prepared from
individual colonies. Phage was prepared by inoculation of 500 ml
of 2X TY containing 15 ug/ml tetracycline with individual
clones and grown overnight at 30°C. Phage were concentrated b

PEG precipitation and resuspended in 2 ml of PBS/1% BSA.
FACS analysis was performed on a FACScan or FACSCalibur
flow cytometer (Becton Dickinson Immunchemistry Systems).

Blood cells were prepared as described above, washed with
PBS/1% BSA and then incubated with phage. Approximately
1-5 X 10 cells and 10" phage were incubated on ice for 1 h in
100 ul of PBS/1% BSA. After washing twice, cells were
resuspended in 100 ul of biotinylated polyclonal anti-M13 6]
Prime — 3 Prime) diluted 1:2,000 in PBS/1% BSA and incu-
bated on ice for 30 min. After being washed twice, cells were
resuspended in either streptavidin-R-phycoerythrin (PE) con-
jugate (Molecular Probes) or streptavidin-fluorescein isothio-
cyanate (FITC) (Molecular Probes) diluted 1:200 in PBS/1%
BSA and incubated on ice for 30 min. DNA was stained by
incubating cells with Hoescht 33342 (Molecular Probes) at 10
pg/ml on ice for 30 min. Cells were washed twice and analyzed
by flow cytometry. Dead cells were stained with 1 pg/ml
propidium jodide (Sigma).

Total light-density fetal liver cells and GPA™~ light-density
fetal liver cells were analyzed for binding of FITC-labeled phage
and PE-labeled GPA or CD34 (Beckman Coulter), respectively.
Binding of FITC-labeled phage was directly compared with
binding of FITC-labeled CD36 (Beckman Coulter) and CD71
(Becton Dickinson Immunchemistry Systems) mAbs. Phage
were directly labeled with FITC by incubating on ice, for 90 min,
102 phage in 500 ul of 100 mM NaHCO; (pH 8.5) with 5 pl
of 6-{fluorescein-5-(and -6)-carboxamido]hexanoic acid, suc-
cinimidyl ester [5(6)-SFX] (Molecular Probes) suspended at 10
mg/ml in N, N-dimethyl formamide. Phage was precipitated with
PEG and resuspended three times. After labeling with FITC, the
phage were resuspended in 500 ul of PBS/1% BSA and then
used for cell staining. Approximately 1-5 X 10° cells were
stained, in a volume of 20-50 ul in 96-well V-bottom plates
(Costar), with saturating levels of labeled phage or mAbs for 30
min on ice. Thereafter, the cells were washed twice with washing
buffer consisting of PBS containing 0.5% BSA and 0.01% NaN;,
The cells were resuspended in the same washing buffer supple-
mented with propidium iodide for the analysis of live cells.

Immunchistochemisty and Immunofluorescence Microscopy. For cell
staining, biotinylated phage was used. Phage was biotinylated by
incubating 10' phage in 500 ul of 100 mM NaHCO; (pH 8.5)
with 40 pl of 2 mg/mi Sulfo-NHS-LC-biotin (Pierce) for 30 min
on ice. Phage was precipitated with PEG and resuspended three
times. For staining, 10° cells were first blocked in a total volume
of 100 pl of PBS/1% BSA containing the helper phage M13K07
at a concentration of 10'3/ml for 20 min. Ten microliters of
biotinylated phage antibody was added to the cells and incubated
for 30 min on ice. Cells were washed with PBS/1% BSA and
used to prepare slides for immunohistochemistry and immuno-
fluorescence using a cytocentrifuge (Sakura Finetek, Torrance,
CA). Slides were air dried overnight and fixed with 2% form-
aldehyde at room temperature for 20 min. After washing, phage
staining was detected by alkaline phosphatase conjugated
streptavidin (DAKO) diluted 1:120 with PBS at room temper-
ature for 20 min. Slides were washed twice in PBS and then
developed with Fast Red (DAKO) at room temperature for 20
min. For immunofluorescence, phage binding was detected by
incubation with Alexa fluor 546-conjugated streptavidin (Mo-
fecular Probes) diluted 1:400 with PBS. Fetal hemoglobin was
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also detected by incubation with anti-y (Hb F) mAb (Perkin-
Elmer Wallace) diluted 1:400, followed by staining with a goat
anti-mouse FITC-conjugated antibody (Caltag) (18). DNA was
stained with 4’,6-diamidino-2-phenylindole mounting media
(Vector Laboratories). The stained cells were evaluated by using
Zeiss Axiophot fluorescence microscope with filters (UV, blue,
or green excitation) for 4',6-diamidino-2-phenylindole, FITC, or
Alexa fluor 546, respectively, and a dual band filter (blue and
green excitation) for combined FITC and Alexa 546 detection.

Results

To generate mAbs to fetal erythroid antigens, a scFv phage
antibody library was constructed i the phage vector f{dDOG (6).
Unlike antibody libraries constructed in phagemid vectors, use
of a phage vector yields three to five copies of scFv-pliI fusion
per phage, resulting in multivalent display. Such multivalent
display confers an increase in the functional affinity constant of
the phage antibodies and should theoretically result in both more
efficient depletion of antibodies to antigens in common with
adult cells, and more efficient positive selection of antibodies to
fetal antigens. To construct a nonimmune phage antibody
library, an scFv gene repertoire was subcloned as Sfil-NofI gene
fragments from a large nonimmune phage antibody library in the
phagemid vector pHENT1 into the phage vector fd. After trans-
formation, a library of 3.2 X 108 tetracycline-resistant clones was
obtained. PCR screening revealed that 95% of clones had an
scFv size insert, yielding a functional library size of 3.04 X 108
members. To verify that scFv display levels were higher in phage
vs. phagemid vectors, phage were prepared from both libraries,
and subjected to SDS/PAGE followed by Western blotting with
an anti-plIl antibody. Blots indicated that for the phage library,
approximately 50% of pIIl consisted of scFv fusion. In contrast,
only 1-5% of pllI consisted of scFv fusion for the phagemid
library (data not shown).

To generate a panel of mAbs to fetal NRBC antigens, the
phage library was panned on fetal nucleated erythroid cells
obtained from fetal liver. Because fetal erythroid cells express
antigens that are also present on some adult WBCs and RBCs,
the phage library was first extensively depleted against both adult
RBCs and adult WBCs. After the first round of selection, the
titer of the recovered phage was 3 X 10, The recovered phage
were amplified by growth in bacteria and used for a second round
of selection. After the second round, the titer of the recovered
phage was 5 X 105,

To determine the outcome of the selection strategy, polyclonal
phage were prepared after the second round of selection and
analyzed for binding to adult buffy coat WBCs and total fetal
liver cells by flow cytometry. Only a very small amount of binding
was detected on adult WBCs, whereas the majority of cells from
the total fetal liver bound phage (Fig. 1). To identify phage that
specifically bound fetal erythroid antigens, phage were prepared
from individual colonies from the second round of selection and
analyzed for fetal erythroid cell binding and adult WBC binding
by flow cytometry. Of 95 random clones analyzed, 42 bound fetal
erythroid cells by flow cytometry. Two-thirds of the antibodies
showed no evidence of WBC binding (for example, mAb fd-H7
in Fig. 2). One-third of the mAbs bound a small percentage of
WBC from the buffy coat as determined by flow cytometry (for
example, mAb £d-B6 in Fig. 2). To determine the number of
unique antibodies generated, the scFv gene was amplified by
PCR and the PCR product was digested with the frequently
cutting restriction enzyme BstN1 (PCR fingerprinting). From
the 42 fetal erythroid binding scFv, 16 unique fingerprints
were observed, indicating the presence of 16 unique antibodies

ig. 3).

{FThes)e 16 phage antibodies were analyzed according to their
binding to fetal liver derived light-density cells that are
comprised predominantly of NRBCs but also of hematopoietic
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Fig.1. Binding of polyclonal phage antibodies to adult buffy coat WBCs and
total fetal liver cells. After the second round of selection, polyclonal phage
were prepared and analyzed for their ability to bind either adult buffy coat
WEBCs (B) or total fetal liver (D). There is a large shift in the fetal liver cells
compared with a minimal shift of a small population of adult buffy coat WBCs.
In contrast, control wild-type fd phage did not significantly shift either cell
population {A and ©).

progenitors as well as mature leukocytes (Table 1). The phage
antibodies bound 70-99% of the GPA™* population of these
light-density cells. The binding to the GPA™~ population was
more variable, ranging from 7.5-71.5% cells, suggesting that
they were binding to different antigens on the more primitive
erythroid cells. These phage antibodies were then further
analyzed for their binding to CD34* or CD34~ cells. Their
binding properties were also compared with those of anti-
CD36 and anti-CD71 mAbs. By these criteria, as well as by
judging the FACS analysis patterns, the phage antibodies could
be grouped into five clusters. Two of them that had the binding
characteristics similar to antibodies against CD36 or CD71 also
demonstrated appreciable binding to adult peripheral blood
cells. The other three clusters, A, B, and C, bound fetal
liver-derived, GPA* light-density cells but not mature RBCs.
They differ from one another in that clusters A and C bound
more GPA™ cells than cluster B did, and cluster C bound more
CD34* cells from the GPA ™ fraction than clusters A and B did.
The antigen detected by cluster B also appeared to be more
restricted to GPA™ cells. These results indicate that the phage
antibodies that we have generated are binding to different
antigens on immature erythroid and hematopoietic cells other
than CD36 and CD71.

To confirm further which of these antibodies were binding
specifically to fetal NRBCs, immunohistochemistry was per-
formed on total fetal liver and on adult WBC buffy coats. About
two-thirds of the antibodies stained only the erythroid cells in
fetal liver but not the buffy coat WBCs (Fig. 4 4 and C). The
other one-third stained erythroid cells in fetal liver and also adult
monocytes (Fig. 4 B and D). These results confirm the specificity
demonstrated by flow cytometry. As an additional demonstra-
tion of specificity, immunofluorescence was performed on fetal
liver cells, and a representative result is shown in Fig. 5. Only
fetal hemoglobin containing cells with nuclei (Fig. 5D) were
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Fig.2. Binding of monoclonal phage antibodies to adult buffy coat WBCs and total fetal fiver cells. Phage were prepared from individual colonies after the
second round of selection and analyzed for their ability to bind adult buffy coat WBCs or total fetal liver cells. The representative antibody fd-H7 (8 and E) bound
only fetal liver cells, whereas the antibody fd-B6 {(Cand F) bound fetal liver and a small subpopulation of WBCs consistent with monocytes. Staining with wild-type

fd phage (A and D) is included as a control,

stained by the FITC-tagged anti-fetal hemoglobin mAb (Fig. 54)
and by the Alexa 546-tagged phage antibody (Fig. 5B). When
visualized with a dual band filter, the fetal NRBCs yielded yellow
fluorescence (Fig. 5C). The two enucleated fetal RBCs stained
only green with FITC, whereas the WBC stained with neither.
Discussion

Production of mAbs by xenotypic immunization of mice with
intact human cells usually results in the production of antibodies
against immunodominant epitopes found on more than one cell
type. As a result, it is impossible to generate a complete set of
antibodies to surface receptors by using hybridoma technology.
Phage antibody libraries represent a potential solution to this
problem, and successful cell surface selections have been re-
ported by using fixed (19) or living cells (12, 13, 20-23).
However, because of the heterogeneity of the starting material,
such selections require elaborate subtraction protocols to avoid
the selection of irrelevant antibodies. Although there are several
reports of successful selections on cels using large nonimmune
libraries (10, 12, 13), this approach has been most successful by

Fig. 3. DNA fingerprint analysis of the scFv genes of individual antibodies
from the second round of selection. scFv DNA was amplified by PCR directly
from colonies and digested with the frequently cutting restriction enzyme
BstN1. A diverse banding pattern was observed, with each unique pattern
representing a unique antibody sequence. First lane is a 100-bp DNA marker.
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using smali libraries from immunized sources. This limits the
spectrum of antibody specificities obtainable from any single
library to those present on the immunizing cell, and does not
completely overcome the problem of immunodominant
epitopes. Furthermore, the antibodies obtained are usually
murine.

Table 1. Binding of phage antibodies by subsets of fetal liver
cells

Light-density fetal GPA- light-density
Antibody liver fetal liver
fragment/mAb* GPA* GPA- CD34+ D34~
Cluster A
FSHB 90.9% 16.9% 6.6% 53%
FSH7 92.1% 39.6% 2.0% 3.5%
FSGS 98.7% 66.7% 7.0% 6.7%
FSG9 86.2% 45.7% 3.1% 4.2%
Cluster B
<7 71.6% 7.5% 5.5% 48%
F4 81.7% 9.8% 5.4% 4.6%
3 84.1% 7.9% 7.1% 6.5%
B5 88.0% 8.0% 9.9% 87%
Cluster € .
FSE2 99.2% 46.9% 18.4% 8.2%
AB 815% 11.3% 14.8% 6.2%
CD36* 98.4% 34.6% 43.2% 25.7%
FSH3 90.7% 22.0% 22.9% 18.9%
FsD8 99.2% 53.6% 53.7% 51.5%
CD71* 99.2% 47.8% 52.0% 13.7%
FSA7 97.9% 30.3% 42.8% 20.0%
FSD10 99.4% 51.3% 45.0% 18.0%
H7 99.3% 71.5% 61.9% 23.0%
G4 99.1% 34.0% 39.0% 13.8%
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Fig.4. Staining of adult buffy coat WBCs and total fetal liver by phage antibodies. Adult buffy coat WBCs or fetal liver cells were stained with biotinylated
phage antibodies and the cells applied to microscope slides, fixed, and stained with streptavidin-atkaline phosphatase and Fast Red. The phage antibody F5A7
stains fetal erythroid cells (A) but not WBCs (C), whereas the phage antibody FSH3 stains both fetal liver {8) and a subset of WBGs (D).

The step limiting the selection of binders from large naive
libraries by cell panning seems to be the relatively high back-
ground binding of nonspecific phage and relatively low binding
of specific phage (24-26). The low binding of specific phage is
partially related to the low concentration of a given binding

phage in the polycional preparation {approximately 1.6 X 10~17
M for a single member of a 10° library in a phage preparation of
1 X 10" particles per ml). The low concentration simultaneously
limits the efficiency of both subtraction of common binders and
enrichment of specific binders. To overcome this limitation, we

Fig.5. Staining of total fetal liver by a fetal NRBC specific phage antibody. Fetal liver cells were incubated with biotinylated phage antibody FSG9, applied to
microscope slides, and then stained with FITC anti-fetal hemoglobin antibody {A), streptavidin Alexa fluor 546 to detect phage binding (B), or 4',6-diamidino-
2-phenylindole {D}. Fetal hemoglobin and phage binding were visualized together with a dual band filter (0. Only fetal NRBCs stained with both. r, enucleated

RBC, w, WBC,
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generated a large nonimmune phage library in the phage vector
{d. Compared with existing nonimmune libraries constructed in
phagemid vectors, such phage vectors will display an antibody
fragment on each of the five copies of plIl, leading to multivalent
antibody display. Multivalent display leads to an increase in the
functional affinity constant of the phage antibody, resulting in
both increased efficiency of depletion and positive selection. In
contrast, phagemid libraries display less than one antibody
fragment per phage because of the presence of wild-type plil
from the helper phage. ,

For the purposes of prenatal genetic diagnosis, there are
several advantages of targeting fetal erythroid cells. Fetal NR-
BCs are already found in the mother’s blood during the first
trimester and are present throughout the entire pregnancy. They
have a limited lifespan and do not persist from prior pregnancies
as it has been found with fetal lymphocytes (4). Although fetal
NRBC:s are an ideal source of fetal genetic material, they are
present at an extremely low frequency in the absence of feto-
maternal hemorrhage. It is estimated that the frequency is one
fetal NRBC per 10°-10° maternal nucleated cells (4). Hence,
antibodies specific for fetal cells will be invaluable for their
enrichment and confirmation.

At present, antibodies to fetal and embryonic hemoglobin are
being used to identify fetal RBCs. However, Hb F in the
maternal RBC may be elevated in some pregnancies, and
although anti-{ antibodies are more specific, embryonic hemo-
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globin has a narrower temporal window of expression (27).
Additionally, targeting intracellular antigens makes the purifi-
cation steps more subject to cell loss, as the fragile erythroid cells
need to be permeabilized to make the hemoglobin accessible to
these antibodies. Thus, cell surface markers are preferred for
enrichment. Cell surface antibodies to CD71, CD36, and 1/i
antigens are most commonly used for purification. However,
they have the disadvantage of being expressed on subpopulations
of maternal WBCs. Because of this fact, additional erythroid
markers are likely to be useful for fetal cell enrichment or
verification of fetal RBCs. Preliminary results of phage antibod-
ies generated by panning on fetal liver cells have also been
reported by others (27, 28). The panel of antibodies we have
generated are likely to span a wide range of fetal RBC antigens
other than CD71, CD36, and 1/i. Further characterization of the
specificity and utility of these phage antibodies for erythroid and
hematopoietic cells of different lineage in the normal and
disease states is in progress. If, for example some can be found
to be specific for primitive erythroid cells, they may prove useful
not only for prenatal diagnosis, but also for treatment of
polycythemia or erythroleukemia.
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