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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 celb either 
directly via tiieir 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 t^ed with limited success for diagnosfe 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 thfe project, we 
proposed using a novel technology, termed phage display, to produce a new generation of 
antibodies which would overcome the limitatior^ of previously produced anti-tumor antibodies 
(ref. 7-11). The antibodies would bind breast cancer antigens with high affiiuty, be entirely 
human in sequence, and would penefrate 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 
htunan and murine antibody fragments ihat boimd to specific breast cancer antigens and to 
normal antigens that are overexpressed on cancer cells. Antibodies isolated using phage 
dfeplay 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. Hmnan antibodies were to be isolated from a very large and diverse phage 
antibody Hbrary of >6,700,000,000 different members (12). Murine antibodies would be isolated 
from Mbraries coratructed from the B-lymphocytes of mice immimized with breast tumor cell 
Unes. Antibodies that recognize antigens which were overexpressed or imique 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 immimized with malignant breast tfasue 

and with the tumor cell lines MDA MB231, ZR-75-1 and SKBR3 (months 1-18). 
a. hnmunize mice witii appropriate cell line or tissue. 
b. Prepare mRNA, amplify VH and VL genes, create scFv gene repertoires. 
c. Construct phage antibody libraries. 

Task 2: Create subfractive 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. Immimize mice with appropriate normal cell line or tissue and deplete repertoire 

wifh Cytoxan. 
b. Immunize mice with tiie appropriate tumor cell line or tissue. 
c. Prepare mRNA, amplify VH and VL genes, create scFv gene repertoires. 
d. Construct phage antibody Mbraries. 

Task 3: Isolate and characterize scFv antibody fragments which bind novel breast tumor 
antigens by selecting phage antibody Hbraries 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 conditioiw 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. 
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c. Select a 6.7 x 10' member human phage antibody library on malignant breast 
ttesue, parafin embedded malignant breast tissue and the txmior cell lines MDA 
MB231, ZR-75-1 and SKBR3. 

d. Select phage antibody libraries constructed in taste 1 and 2 on maHgnant breast 
tissue, parafin embedded malignant breast tissue and the tiunor cell lines MDA 
MB231, ZR-75-1 and SKB13. 

e. Determine scFv specificity on a panel of cell lines and tfesues. 
Task 4:   Determine the antigens recognized by tumor specific scFv using Western blotting, 

immimoaffinity puiification, and protein sequencing, (montiis 24-36). 
a. Create scFv affinity columi^ for antigen immunopurification. 
b. Identify tiunor specific antigens by Western blotting, immimoaffinity purification 

and protein sequencing, 
c. 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 tiie first to report the successful selection of 
cell binding antibodies from phage libraries by direct selection on erythrocytes (13), reports of 
subsequent successful cell selectior^ have been interspersed with reports of failures. Thus we 
proposed using both large non-inraume phage antibody libraries and libraries constructed from 
mice immimized with tumor cell lines. The advantage of large non-immxme phage libraries is 
that they can be constructed from hiunan variable region genes and thus yield human 
antibodies, ideal for use as therapeutics. The advantage of using mturine hbraries is that at least 
in theory the libraries can be enriched for antibodies which bind the immunizing cell Une. 

Since ihe construction of phage antibody Hbraries is a difficult and time consiuning 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 
tiiese 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 sw:cessful selection of phage antibodies directly 
on tumor cells 

To determine the factors affecting fhe successful selection of phage antibodies on tumor 
cells, we employed a model system using a previously teolated human phage antibody, C6.5. 
C6.5 binds the tumor antigen ErbB2 with a Ka = 1.6 x 10-8 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 selectiom, 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 Kj (1.0 x 10-9 M) (14). To examine tiie affect of 
avidity on efficiency of cell selectiom, we abo studied the dimeric C6.5 diabody (16). Diabodies 
are scFv dimers where each chain consists of heavy (VH) and light (VL) chain variable domains 
connected uising a peptide linker which is too short to permit pairing between domains on the 
same chain. Consequently, pairing occurs between complementary domaim of two different 
chains, creating a stable noncovalent dimer with two binding sites (17). The C6.5 diabody was 
coi^fructed by shorteiung the peptide linker between ttie Ig VH and VL domaim from 15 to 5 
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amino acids and binds ErbB2 on SKBR3 cells bivalently with a Kj approximately 40 fold lower 
than C6.5 (4.0 x IQ-W M) (16). 

For determination of the efficiency of cell selectioiK, the C6.5 and C6ML3-9 scFv and 
C6.5 diabody genes were subcloned for expression as pIII fusioits in Hie 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., appendbc 1). Diabody phagemid 
display a bivalent antibody fragment resulting from intermolecular pairing of one scFv-pIII 
fusion molecule and one native scFv molecule. The C6.5 scFv gene was ako subcloned into the 
phage vector fd-Sfi/Not. This results in phage with 3 to 5 copies each of scFv-pIH 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 ceU binding. Ite surface ErbB2 density is approximately 1.0 x 10^ 
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), siurface boimd 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 ordy 8.9 fold for the 1 nM Ko C6ML3-9 phage antibody. These 
meager enrichment ratios could be increased slightly by sequential elutioiK with pH 2.8 glycine, 
such that after three elutions the eruichment ratios increased to 2.7 and 11.4 respectively (Table 
2, Becerril et al., appendbc 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 tiie cells after three glycine washes, leading to 
recovery of 'intraceUular' phage (Table 2, Becerril et al., appendbc 1). We assume the phage 
recovered after cell lysis were 'intraceUular', since the titer increased 7 to ^ fold from the tiiird 
glycine wash. Titers were highest for antibody formats capable of dimerizing the receptor 
(diabody and phage), with eruichment ratios of 3D to 146 fold (Table 2, Becerril et al., appendbc 
1). Such enrichment ratios are very likely to lead to successful selection from a Hbrary. 

To confirm that phage were endocytosed, immunofluorescent microscopy was 
performed using tiie phage antibodies after stripping tiie 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 backgroimd 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., appendbc 1). 

Only very large phage antibody libraries containing more than 5.0 x 10^ members are 
capable of generating paneb of high affinity antibodies to all antigens (12,18). Since phage can 
only be concentrated to approximately IQlS cfu/ml, a typical phage preparation from a large 
Hbrary will only contain 10^ copies of each member. Thus selection of Hbraries for cell binding 
or endocytosK could only work if phage can be recovered when applied to cells at titers as low 
as 10*. We therefore determined the recovery of infection 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 ah, 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 X106 (C6ML3-9 scFv) This threshold decreased for bivalent and multivalent display 
(3.0 X104 for C6.5 diabody phagemid and C6.5 scFv phage). 

Similar results for ceU binding were observed when taing SK-OV-3 celb, however titere 
ot endocytosed phage were significantiy lower compared to SKBR3 cells, presumably due to 
alternate splicmg of the ErbB2 receptor which results in decreased endocytic capacity. 

Ihe results demonstrate that phage displaying an anti-receptor antibody can be 
speciftcaUy endocytosed by receptor expressing cells and can be recovered from the c^tosol in 
infectious form. The results demonstrate the feasibiUty of directly selecting cell binding and 
mteinalizmg antibodies from large non-immune phage Ubraries and identgy the factors that 
wiU lead to successful selectiorw. When monovalent scFv antibody fragments were dfeplayed 
monovalently m a phagemid system, recovery of ceU 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 dfeplay of scFv in a phage vector increased recovery 
of mtemalized phage to 30 to 146 fold above background. This result is coiaistent with our 
studies of native monomeric C6.5 scFv and dimeric C6.5 diabody as weU as studies of other 
monoclonal anti-ErbB2 antibodies where dimeric IgG but not monomeric Fab dimerize and 
activate the recejptor and undergo endocytosis (19, 20). Lt fact it is Ukely that endocytosis of 
C6.5 and C6ML3-9 scFv phagemids reflect the smaU percentage of phage displaying two or 
more scFv. The importance of valency in mediating either high avidity binding or receptor 
crosshnkmg and subsequent endocytosis is confirmed by the only other report demoi^trating 
^ec^c phage endocytosis. Phage dfeplaying approximately 300 copies of a high affinity Are- 
Gly-Asp mtegrin binding peptide on pVIH were efficiently endocytosed by mammalian ce& 
(21). Recovery of phage after endocytosis abo increases the specificity of cell selections 
compared to recovery of phage firom the cell surface. Thus emichment ratios for specific vs 
non-specific surface binding range firom 2 to 20 fold. These values are comparable to tiie 
fW^^^ 'y ^° ^°^^ enrichment reported by others for a single round of ceU surface selection 
^ : TP; ,, contrast our enrichment ratios for specific vs non-specific endocytosfe ranee from 3 5 
to 146 fold. / o 

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 
phageimd vector or multivalent scFv using a phage vector Multivalent Hbraries would present 
ttie Mitibody fragment in the form most likely to crossUnk receptor and undergo endocytosta 
Antibodies from such Hbraries would need to be bivalent to mediate endocytosfe. 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 simultaneoi^ly bindmg 
two receptors.   Monomeric scFv that bound receptor in a shnilar manner could also be 
endocytosed. Thm selection of Ubraries of monovalent scFv in a phagemid vector could result 
m the selection of Ugand mimetics that activate receptors and are endocytosed as monomers 
Such scFv could be especiaUy useftil for the construction of fusion molecules for the dehvery of 
drugs, toxins or DNA into the cytoplasm.    Since antibodies which mediate receptor 
mtemahzataon can cause receptor down regulation and growth inhibition (20, 23-26), selection 
tor endocytosable antibodies may ako 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 libraiy (Tasks 3c-e and 4) 

A non-immune phagemid antibody Ubrary was utilized to identify new phage 
antibodies that were bound and were internalized into SKBR3 cells (Task 3c). A selection 
stiategy illmfrated in Nielsen & Marks, ref 28 and figure 4, appendix 2 was utilized. After 3 
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?!JSo l^^lffe'!?*??.' f0% of J^andomly picked clones bound SKBR3 cells and of these, 50% bound 
Ifni^^ i ^^*^® ^' ??tf ^^- ^^ 2^ ^d appendix 3). This is not suiprising, given that 
^^A nS^'^f^.l^ff S'Sh levels of ErbB2. DNA fingerprinting indicated that 2 unique 

anbbodies (F5 and Cl) binding ErbB2 were obtained. These stained ErbB2 expressing ceU Ikies 
comparably to other ErbB2 antibodies and in proportion to the ceU lines known level of ErbB2 
expression (Table 3 Poul et. al appendix 3 and ref. 29). Many additional antibodies were 
obtamed feat did not bmd ErbB2 and that preferentiaUy bound tumor cell lines but not normal 
ceU Imes (Table ^ Poul et. al., appendix 3). One of these antibodies which stained a number of 
tumor ceU hnes (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 Motein sequencing the 
^tigen recogmzed by H7 was determined to be the transferrin receptor. F5 stakied ErbB2 in 
Western blot (figure 2, Poul et. al., appendix 3), and both F5 and H7 could immunoprecipitate 
their respective antigens from SKBR3 ceU lysates (figure 2, Poul et. al., appendix 3) As either 
phage antibodies or native monomeric scFv antibody firagment, both F5 and H7 were efficientlv 
endoc^osed by SKBR3 cells (figure 3 and 4, Poul et. al., Ippendix 3). In the case of &7 |Triot 
F5) endocytosis served as a surrogate marker for growth inhibition, with H7 exhibiting dose 
dependent mhibition of the growth of SKBR3 cells (figure 5, Poul et. al., appendix 3). H7 
competed with holotramferrin for binding to the transferrin receptor, explaining probably both 
the mechanism of growth inhibition and the mechanism by which it was able to faduce receptor 
mediated endocytosis of the transferrin receptor (figure 6, Poul et. al, appendix 3). 

Additional antibodies from the phagemid Ubrary selected on SKBR3 cells have been 
characterized with respect to tumor ceU specificity and antigen recognized. We have extensively 
characterized an additional phage antibody obtained fi-om selections on SKBR3 cells that has an 
mterestmg pattern of immunoreactivity. The antigen identification process developed was as 
proposed for Task 4. Hie antibody, S5, stains the tumor cell lines SKBR3 and MCF7 intensely by 
flow cytometry, stainsttie bransformed cell lines MCFIOA less intensely, and only sUghtly stains 
the tumor ceU hiies MDA231 (figure 1, page 10). To identify the antigen recognised by the scFv 
we subcloned the scFv gene into a vector which fiises a C-terminal hexahistidine tag for 
purification ScFv was expressed, harvested from the bacterial periplasm and purified by 
unmobihzed metal affinity chromatography as previously described. Staining of the 
appropriate ceU hnes by the native scFv was confirmed by flow cytometiv- A number of 
techmques were explored to determine the optimal means of antigen identification by 
immunoprecipitation. To verify fliat immunoprecipitated antigen was indeed from the ceU 
surface, we hghtly biotinylated the surface of SKBR3 cells with NHSS biotin. This aUows 
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 univeisal hexahistidme tag on the scFv; and 2) immunoprecipitation with Protein A. TWs 
partacular scFv is derived firom tiie human VH3 family and ttius binds Protein A. After 
biotinyiation of the cell surface, Mitigen was immunoprecipitated fi-om SKBR3 ceU lysates, run 
on a bUb-PAGE gel and Western blotted with antigen detection using streptavidin-HRP After 
umnunoprecipitetion with Protein A, a single dominant band was seen on Western blot (figure 
2, page 10). When tiie corresponding acrylamide gel was visualized with Comassie blue a 
smgle 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 wifli Ni-NTA agarose, several bands were visualized on Western blot 
(tigme I, page 10), one of tiiese was of the same apparent molecular mass as the band 
unmunoprecipiated usmg Protein A. In contrast to immunoprecipitation witii Protein A, many 
bands ^re visuahzed when tiie corresponding acrylamide gel was visualized with Comassie 
^i"?;- 1 I?? "^"^^^^^ of I'ands present precluded excision of the band for sequencing. 
M^?f A P^^**^°"^ ^e^e explored to reduce the number of proteir^ immunoprecipitated by 
Ni-NTA, but none were found that gave reduced the number of proteins immunoprecipiated 
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^^t^-H^^ f^^'^^^^-S'^ fu®*®F ^^°**^S to identify surface proteins, it appears that the 

Drotein^'S?i'T'*-f'^f' "^f identified by tryptic fragmentation of the excised 
protein, followed by hqmd chromatography to separate peptides and tandem mass 
spectometry to identify peptide sequence. 10 of 11 peptides matdied to the protein «S?deTby 
the kiaa gene with the sequences spanning the protein sequence (figure 2, page 10) (30) The 
SP rr^*T^PfP^' ?" attachment sequence (RGD)^ transm^br^l domain and 6 Ig 
Uce domams (http://www.kaEusa.or.jp/huge/). Probing of the SAGE database indicates thai 
the gene is most highly expressed in 3 breast and 2 ovarf ceU lines. The fimction of thS gene 
product IS unteown, but it interacts with CD9 and other tetraspanins and may be involved in 
cell migrabon/metastasis (31). To verify that the scFv actuaUy recognized the MaTSge^ 
product CHOceU transfected with the gene were obtained from Charrin (31). The S5 icFv 
stamed kiaal436 transfected cells but did not stain untransfected CHO cells (figure 3'page llf 

frnm «w!.fif''^*^ demonstoate that tumor specific phage antibodies can be directly selected 
from phage hbranes by pannmg on tumor ceU lines and recovering phage which have triRgered 
^nfl f "^fu'li ^fdocytof, torn within the cytosol. SuA antibodies are effiflntiy 
endocytosed by the target ceU Hne, both as phage antibodies and as native scFv anl&odv 
firagments. As such, these antibodies are likely to bl ideal for dehvery of drugs or geneslntofcl 
Si? i Km''f'"*^' appHcation. For example, during the currel year, le halflevlwl 
mlJ^ , ''^I ^ 5 *"F^S antibody for doxorubilin containing imkunohposomes |S 
F5 was developed imder fundmg from DAMD, and preclinical work on IL funded largely by 
our Breast Cancer SPORE. F5 ErbB2 scFv have been inserted into liposomes conteltag 
doxorubicm to create IL. h preclinical modeb, F5-IL cause a significantlyVreater reductoto 
tumor growth Aan untargeted IL (see Nielsen et al, appendix 4 ltd ref. 32). Based onlSSv^ 
prechmcal results F5 scFv expression was scaled at the NCI-MARP for GMP manXtoe fof a 
fn^tl ^^f «^- f i*in the last month, F5 scFv and F5-IL have been inh^^Stl ^a- 

A ■ ui\^°f^?^*f'*=^^<ff**^H7),endocytosis can be used as a surrogate marker for direct 
desirable biologic effects exhibited by the antibody, in this case growth inWbition 

Sigam^e| We have developed methodology and protocols which aUows direct selection of 
tumor specific antibodies firom a phage hbrary on the basis of thek abiUty to trigger receptor 

Sfmlnlllf °'rt- ^" "T^ "^^^ ^ ^PP^°^^h *° S^-^^-te internlzLg fiboSl to ErbB2 and have developed a therapeutic drug (ErbB2 immunohposomes) based In one of these 
antibodies that is bemg manufactured at fhe NCI MARP and which will enter clMcal wS 
There is no more strmgent vaUdation of the quaUty of an antibody. Ihe appro^ appears 
apphcable to other tumor cell Unes and generate! antibodies to known Id novel Imor 
,^rf ^" ^w . ^^ internalizing antibodies wiU have direct tumor cell inhibitory effects 
7^t!^\^iSS ''""' '" ""' "^^ '' ' '"™Sate marker of growtii inhibif on, S 

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

.„.      P ^^T ^^f^^^ applicability of this approach, and to generate Abs to the EGF receptor 
S.^tf ^^^** '"f"' f ■^l"*^^'^ °" ^^31 ^^^ ^^^ overe^ress EGFR and abo on SS 
Hamster Ova^ c^ which overexpress EGFR. For botii seMons, 2 scFv Abs were obtatael 
which bound EGFR expressing celb but did not bind ceU lines which did not e^r^f EGFR S 
Representative resulte are shown in the figures in Heitner et aL , append!IS ref l^e 
we have not yet determined whether these scFv have any direct cytotoxicSectf the" resSte 
lUustrate fiiat this selection methodology can be apphed to other himSfceU Unes 

6.4 Generation of a non-immune phage antibody library in a true phage vector 

page (10) 



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

enridune 
surface oi uacrenopnage. irus occurs wnen the piiage antibody library is constructed in a true 
phage vector containing aU of the phage genome. To date, aU non-immune and most immune 
phage antibody libraries have been constructed in phagemid vectors. The remainder of the 
phage genes and proteim are provided by infecting E. coli harboring tiie phagemid antibody 
with a helper phage. Since the helper phage provides wild type pIII, the majority of phage 
antibodies have only a single copy of scFv-pHI fusion protein, with the remaining 4 copies of 
pin being wild type. Libraries to date have been constructed in phagemid vectors for two 
reasons: 1) the traraformation efficiencies are much higher, making it easier to construct large 
Ubraries; and 2) the concern fliat multivalent display may lead to selection of lower affinity 
phage antibodies due to avidity. 

Our data indicates that even witti 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 Ubraries (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 cDNA, to validate the utiUty of phage libraries for generating 
antibodies binding cell siu-face antigens, we elected to corwtruct a true phage antibody library 
by subcloning the scFv gene repertoire from our existing phagemid Hbrary (ref. 12) into a phage 
vector into which we have engineered compatible cloning sites for tiie scFv gene repertoire (fd- 
TET/Sfi-Not). Tkm allows preparation of large quantities of phagemid vector harboring the 
scFv gene repertoire from which the scFv gene repertoire can be excfeed as Sfi-Not restriction 
enzyme fragmente. fd-TET/Sfi-Not vector DNA was prepared by digestion with tiie same two 
restriction enzymes and the scFv gene repertoire ligated into vector DNA.   After multiple 

year, we ctiaracterized this library  
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'ConneU et al. Tables 1 and 2, appendix 6 and 
ref. 34). We also demomfrated ihat tiie true phage library can be successfully selected on cells 
(fetal erytiirocytes) 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 Hues MCF7 and BT474 and 
are currently in the process of characterizing antibodies from these selections under funding 
firomttieUCSF 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 
mtemalize into tumor cells is a high ihroughput assay for ceU 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 Hposomes, a meai^ occiurred to us to generate a 
high tiiroughput assay for endocytosfe. Our scFv can easily be engineered to have a C-terminal 
hexahtetidine 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 
Hpid coat of the liposome. We hypothesize tiiat such liposomes should be able to chelate the 
hexahistidine tagged scFv (directly from tiie bacterial supernatant witiiout the need for 
purification). If the scFv binds an internalizing epitope, the fluorescent liposome will enter tiie 
cell. ScFv and liposomes remaining on the cell surface can easily be removed by washing witii 
EDTA. Celb are then lysed and if Ihe 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 sei^itivity. The assay is 
sensitive down to an scFv concentration of approximately lug/ml, a concentration easily 
obtainable from bacterial supematants. The assay also is only positive when tiie scFv is 
internalizing (for example F5 scFv). We will utilize this assay to screen the selection results to 
identify additional internalizing antibodies tmder funding from the UCSF Breast Cancer 
SPORE. 
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MCF10A MCF7 SKBR3 MDA231 
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Figure 1. Staining of tumor cell lines MCF7, SKBR3, and MDA231 and transfonned cell line MCFIOA by the 
phage antibody S5. Phage binding w^ 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 immimoprecipitated 
by incubation with either Ni_TA agarose, lane B or Protein A, lane C. After w^hing, beads were loaded into 
ttie 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 witiiout 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 K1AA1436 gene (AB037857), spanning the majority of the protein sequence 
(blue boxes=peptides. 
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Figure 3. Flow cytometiy analysis of S5 phage antibody binding to CHO cell transfected with the kiaal436 
gene and untransfected CHO cells (Control). 

7. Key research accomplishments 

• Identification of optimal phage antibody format for selection of phage antibodies on tumor 
celb 

• 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 tiie kiaa gene product 

• Successful vaUdation of the ErbB2 scFv F5 in preclinical models as capable of deUvering 
immunoliposomes containing doxorubicin to timiors, witii therapeutic effect 

• Trai^fer 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 hbrary in a true phage vector 

• VaHdation of phage Ubrary as a source of scFv antibodies for purified antigei« and cell 
surface receptors 

8. Reportable outcomes 

8.1 Nielsen, U.B. and Marks, J.D. Intemalizing 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, J.D. Selection of tumor- 
specific intemalizing human antibodies from phage libraries. J. MoL Biol. 301: 1149-1161, 
2000. 

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

8.4 Nielsen, U.B., Kirpotin, D.B., Pickering, E.M., Hong, K., Park, J.W., Shalaby, R., Shao, Y., 
Benz, C.C., and Marks, J.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 Ubraries for generation of human monoclonal antibodies. J. Mol. Biol. In 
press. 
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8.6 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 erytiiroid cells from a non-immune 
phage antibody library. 98,2682-2687. 

9.        Conclusions 

9.1. 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). 

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

9.3 During the ourrent 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. 

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

9.5 We developed a high throughput assay to identify cell binding and internalizing antibodies 
after selection. 
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Antibodies which bind cell surface receptoi^ in a 
manner whereby they are endocytosed are useftil mol- 
ecules for the delivery of drugs, tosdns, 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 scPv (C6.8) 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 C6.5 scFv displayed monovalently on a phagemld, 
we demonstrate that antl-ErbB2 phage antibodies can 
undergo receptor-mediated endocytosis. Using affin- 
ity mutants and dlmeric diabodies of C6.6 displayed as 
either single copies on a phagemld 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 sePv were more efficiently endocy- 
tosed than phage displaying monomeric scFv and re- 
coveiy of infectious phage was Increased by preincu- 
bation of cells with chloroquine. Measurement of 
phage recoveiy from within the cytosol as a function 
of applied phage tlter 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*.   e 1999 Aeadomic Press 

&y Words: endocytoslsi ErbB2| gene therapyi phage 
display; single-chain Pv antibodies; tai^eted gene 
delivery. 

Growth factor receptors are frequently overex- 
pressed in hmnan carcinomas and other diseases and 
thtis have been utilized for the development of targeted 
therapeutics. The HER2/neu gene, for example, is am- 
plified in several types of human adenocarcinomas, 

' To whom anresixjndence should be addi«ssed. E-maU: jiinjnark^ 
quickmail-uraf-edu. 

especially in timiors 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-lrbB2 antibodies in different formats, in- 
cluding conjugation to liposomes containing chemo- 
tiierapeutics (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 Mgand, 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 intemalization differs 
significantly depending on the epitope recognized (7, 
8), Thus for some applications, sudi as liposomal tar- 
geting, only antibodies which bind specific epitopes are 
rapidly internalized and yield a ftmctional targeting 
vehicle. 

Currently, antibodies which mediate intemalization 
are identified by screening hybridomas. Alternatively, 
it might be possible to directly select internalizing an- 
tibodies jfrom large non-inamune 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, 
ph^ antibody libraries typically display monomeric 
sii^le chain Fv (scPv) or Fab antibody fragments fused 
to pIII as single copies on the phage smface using a 
ph^emid system (9, 10). We hypothesized that such 
monovalent display was unlikely to lead to efficient 
receptor crosslinking and ph^e intemalization. To de- 
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(B) C6.6 scPv or (C) C6.5 diabody for 2 h at STC. CovereHps were washed with PBS and strippii^ buffer, cells were fixed and permeabiUzed 
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 hmnan scPv (C6.5) which binds ErbB2 
(13). Using wild type C6.5 scPv, 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 siirface, we define the role of affin- 
ity, valency, and display format on phage endocytosis 
and identify tiie factors that lead to the greatest en- 
richment for intemalization. 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 Ubrary 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% COj at 3T'C. 

Antibodies and antibody phage preparations. The C6,6 scPv 
phage vector was coMtructed by subcloning the C6.6 gene as a 
SfiVNofl fragment from scPv C6.5 pHENl (13) into the phage vector 
ti/SfiVNotl (a gift of Andrew Griffltlw, MRC Cambridge, UK). The 
C6,6 diabody pha^mid vector WM coiwtructed by subcloning the 
C6.5 diabody gene (14) as a NcoVNotl fragment into pHBNl (15). 
The anti-botuHnum scPv pha^mid (done 8D12) (16) C6.5 scPv 
phagemid (18) and scPv C6ML8-9 scPv ph^emid (17) in pHENl 
have been previously described. Pha^ were prepared (18) from the 
appropriate vectors and titered on E. colt TGI as previously de- 
scribed (9) using ampidllin (100 ji^ml) resistance for titration of 
constructs in pHENl and tetracyline (50 li^rsA) for titration of con- 
structs in fd. Soluble C6.5 scPv, C6,5 diabody and anti-botulinum 
scPv were expressed from the vector pUC119mycHis (13) and piiri- 
fled by immobilized metal afiBnity chromatography as described else- 
where (18). 

Deletion of internalized, imtive antibody fragments and phage 
antibodies.   SKBR3 cells were grown on coveralips in 6-well culture 

plates (Falcon) to 60% of confluency. Culture medium was renewed 
2 h prior to the addition of 6 X 10" cfli/ml of phage preparation (the 
phage preparation representing a maximum of 1/10 of the culture 
medium volume) or 20 p^ml of purified scPv or diabody in phosphate 
buffered saline, pH 7.4 (PBS), After 2 h of incubation at 37°C, the 
wells were quickly washed 6 times with ice cold PBS and 8 times for 
10 min each with 4 mL of stripping buffer (60 mM glydne pH 2.8,0,6 
M NaCl, 2M urea, 2% polyvinylpyrrolidone) at RT. After 2 additional 
PBS washes, the cells were fixed in 4% paraformaldehyde (10 min at 
RT), wMhed with PBS, permeabilized with acetone at -20°C (80 s) 
and washed again with PBS. The coveralips were saturated with 
PBS-1% BSA (20 mm, at RT). Phage particles were detected with 
biotinylated anti-M13 immunoglobulins (6 Prime-8 Prime, Inc, di- 
luted 300 times) (45 min at RT) and Texas red-conjugated strepta- 
vidin (Amersham, diluted 800 times) (20 min, at RT), Soluble scPv 
and diabodies containing a C-terminal myc peptide tag were detected 
with the mouse mAb 9E10 (Santa Cruz Biotech, dOuted 100 tunes) 
(46 min. at RT), anti-mouse biotinylated immunoglobulins (Amer- 
sham, dOuted 100 times) amd TexM red-conjugated streptavidin. 
Optical confocal sections were taken using a Bio-Rad MRC 1024 
scanning laser confocal microscope. Alternatively, sUdes were ana- 
lyzed with a Eeiss Axioskop UV fluorescent microscope. 

Recovery and titration of cell surfime 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 (spedflc 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 figments 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^ volume of Tris-HCl IM, pH 7.4. For 
some experiments (see figure legends for spedflcs), cells were 
trypsinized after the three stripping buffer washes, collected in a 
16-ml Falcon tube, washed twice with PBS and then lysed with TEA. 
In experiments performed in the presence of chloroqmne, SKBR8 
cells were preincubated for 2 h in flie presence of complete medium 
containing 60 fM chloroquine 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, ph^e were titered on 
E, eoli T61 as described above. 
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FIG. a. Antibody phage display. Cartoon of phage displaying (A) 
a single scPv (B) a single diabody or (C) multiple scPv. scPv, single 
chain Fv antibody fragment; VH, Ig heavy chain variable domain; VL, 
Ig light diain variable domain; pIII, phage minor coat protein pIII; 
Ag, antigen bound by scPv. 

RESULTS 

J. The Model System Utilized to Study Phage 
Antibody Internalization 

The human anti-ErbB2 scPv C6.5 was obtained by 
selecting a human scPv phage antibody Ubrary on re- 
combinant ErbB2 extracellular domain (13). C6.5 scPv 
binds ErbB2 with a Kj = 1.6 X 10"' M and is a stable 
monomeric scPv in solution with no tendency to spon- 
taneotisly dimerize or aggregate (13), To determine the 
impact of affinity on internalization, we studied a scPv 
(C6ML3-9) which differe 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 C6.5 diabody (14). Diabodies are scPv dimers 
where each chain consists of heavy (VH) and light (VL) 
chain variable domains connected using a peptide 

Knker 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 VH and 
VL domains from 15 to 5 amino acids and binds ErbB2 
on SKBR3 cells bivalently with a Kj approximately 
40-fold lower than C6.5 (4.0 X 10"" M) (14). 

Native C6.5 scPv 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 scPv 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 
scPv and C6.5 diabody genes were subcloned for ex- 
pression as pin fusions in the phagemid pHEN-1 (15). 
This should yield phagemid predominantly expressing 
a single scFv or iabody-pIII fusion after rescue with 
helper phage (21) (Figs. 2A and 2B). Diabody phagemid 
display a bivalent antibody fr^ment resulting from 
intermolecular pairing of one scFv-pIII fusion molecule 
and one native scPv molecule (Pig. 2B). The C6.5 scFv 
gene was also subcloned into the phage vector fd-Sfl/ 
Not. This results in phage wilii 3 to 5 copies each of 
scFv-pIII fusion protein (Fig. 2C). The human breast 
cancer cell line SKBR3 was used as a target cell Kne for 
endocytosis. Its surface ErbB2 density is approxi- 
mately 1.0 XIO* per cell (22). 

2. C6.5 Phagemids Are Endocytosed by Human Cells 

C6.5 scPv 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 boimd to 
cell surface receptors. Internalized phagemid were de- 

A B C D E 

FIG. S. Internalization of C6,6 phage derivatives. SKBR3 cells grown on coverslips were incubated with 6.0 X 10" cfti/ml (A) 
anti-botulinum phagemid (B) scPv C6,6 ph^emid (C) C6ML8-9 phagemid (D) C6.5 diabody phagemid or (E) C6.6 phage for 2 h at BTC. The 
cells were treated M described in the le^nd to Kg. 1 and intracellular phage were detected with a fluorescent microscope using biotinylated 
anti-M13 antiserum and Texas-Red streptavidin. 
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TABLE 1 

Titration of Membrane-Bound and Intracellular Phage 

Cell surface phage titer (XlO-^) 

Phage antibody 1st w^h 2nd wash 8rd wash 
Intracellular phage 

titer (XIO"') 

Anti-botiilinum phagemid 
C6,6 scPv phagemid 
C6ML3-9 scPv phagemid 
C6-6 diabody phagemid 
C6.5 scPv phage 

280 
600 

2500 
1800 
2800 

86 
96 

140 
120 
620 

2,8 
7,6 

32 
18 
66 

15 
52 

270 
450 

2200 

Note. 3.0 X 10 cfti of monovalent C6.5 scPv phagemid, 16-fold higher affinity monovalent C6ML8-9 scPv phagemid, bivalent C6.5 diabody 
pha^mid, or multivalent C6.6 fd phage were mcubated with subconfluent SKBR8 cells for 2 h at 87°C. Cells were washed 6 times with PBS, 
8 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 pVIII. An anti-botulinum 
toxin phagemid was used as a negative control. Stain- 
ing w^ analyzed by using immunofluorescent micros- 
copy (Fig. 3). Approximately 1% of the cells incubated 
with C6.5 scPv phagemid showed a strong intracellular 
staining consistent with endosomal localization (Fig. 
3B) while no staining was observed for anti-botuUnum 
phagemid (Fig. 3A). 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 results also 
indicate that only a fraction of the cell bound ph^e are 
endocytosed. 

3. Increased Affinity and Bivalency Lead to Increased 
Phage Endocytosis 

We compared the intemalization of C6.5 scFv, 
C6ML3-9 scFv and C6.5 diabody phagemid and C6.5 
scFv phage using immunofluorescence. 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 scPv phagemid, approx- 
imately 10% of the cells showed intracelMar fluores- 
cence after 2 h of incubation (Pig. 3C). 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" cfti of the different phagemid or phage. 
Six PBS washes were used to remove non-speciflcally 
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 witii 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 ofE. colt TGI. 
The titers of phage recovery are reported in Table 1. 

Considerable background binding was observed in 
the first stripping wash for the anti-botulimun pha^ 
even after 6 PBS washes (2.8 X 10' cfii. 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 ph^e 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 VH and 
Vi, domains that comprise a single binding site are not 
covalently attached to each other via the peptide 
linker. This increases the likeUhood that a stringent 
eluent (hke glycine) could dissociate VH from VL and 
abrogate binding to antigen. 

Three stripping washes were required to ensure that 
the titer of ph^e 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-botuIin\im phage titer ratio" 

Phage antibody 
CeD surface 
(1st wash) 

Cell surface 
(8rd wash) IntraceHular 

Intracellular/cell surface 
phage ratio' 

C6.6 scPv phagemid 
C6ML8-9 scPv pha^mid 
C6.6 diabody pha^mid 
C6.5 scPv phage 

2,14 
8,9 
6,4 
8.2 

2.7 
11.4 
4.6 

20 

3.6 
18 
80 

146 

6.8 
8,4 

85 
39 

" The titers of anti-ErbB2 phage are divided by the titere of the anti-botulinum phage (Table 1) to derive an enrichment ratio for spedfic 
vs nonspecific binding or intemalization, 

' 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 m the l^t stripping wash (Table 1). We 
presumed that after three stripping washes, the ma- 
jority of the phage eluted represented infectious parti- 
cles from witiiin the cell rather tiiian from the cell 
surface. In fact, since the cell lysate titer observed with 
non-specific anti-botulinum phage w^ 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 ph^e might also be non-specifically endo- 
cytosed by cells, but this is likely to be a small amount 
given the immunofluorescence resxilts (Pig. 3). The ti- 
ter of pha^ in the TEA fraction increased with in- 
creasing affinily and avidity of C6.5, with the highest 
titers observed for the dimeric C6.5 diabody phagemid 
and tiie multivalent C6.5 scPv ph^e (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 endo(ytosed 
phage for the different C6.5 molecules is to compare 
tiie 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 scPv or C6ML3-9 scPv 
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 scPv 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 intemaUzed 
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 C6.5 
scPv 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 scPv ph^emid 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 afiftnity (16 nM) more 
typical of Kj's of scPv from such libraries than the 
afanity matured C6ML3-9 scPv (10, 23). 

a. Reducing the background of non-internalized 
phage. To reduce 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 
boimd to the cell culture flask. For these experimente, 
C6.5 scPv 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 
ZTC, cells were washed with PBS and three times with 
stripping buffer. Cells were then directly lysed with 
TEA or treated with trypsin, washed twice witii PBS 
and then lysed with TEA. Phagemid in the first strip- 
ping wash and the cell lysate were titered by infection 
of ^. coli TGI and plated on ampicillin and tetra^cline 

890 



Vol. 2B5, No. 2, 1999 BIOCHEMICAL AND BIOPHYSICAL RESBAKCH COMMUNICATIONS 

1071 

fd C6.5 fd C6.5     fd C6.5 fd C6.5 

Surface     Intra- 
cellular 

Surface Intra- 
cellular 

Phage 

Fraction 

Trypsinization 

HG. 4, Effect of trypsinization on the enrichment of anti^n 
specific phage. A mixture of fd phage (5.0 X 10" cfu) and C6.6 scPv 
phagemid (6.0 X 10' cfu) was incubated with SKBR3 cells for 2 h at 
87°C. W^hes were performed either as described in Table 1 (-) or 
cells were trypsinized prior to cell lysis (+). Pha^ 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 tetra<ycline (fd pha^). 

plates. The titer of fd phage and C6.5 scPv phagemid 
recovered from the cell surface was comparable for the 
two experimental groups (Fig. 4). The ratio of fd phage/ 
C6.5 scPv 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 
scPv phagemid in the cell lysate increases only 6.1-fold; 
in contrast, the ratio increases 209-fold with tiypsin- 
ization (Fig. 4). This resulte 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). SKBE3 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- 

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 (Pig. 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" cfii/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 tiie phage titer applied. SKBR3 
cells were incubated with C6.5 scFv, C6ML3-9 scFv or 
C6.5 diabody phagemids or C6.5 scPv phage for 2 h at 
3TC. Cells were washed three times with stripping 
buffer, tiypsinized and washed twice with PBS. Cells 
were lysed and intracellular phage titered on E. coli 
TGI. Phage recovery increased with increasing ph^e 
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 scPv) to 3.0 X 10* (C6ML3-9 scPv) 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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FIG, 6. Effect of incubation time and chloroquine on the recovery 
of anti^n spedflc phage. SKBR3 cells were incubated in the pres- 
ence (■, •) or absence (D, O) of chloroquine (60 jiM) for 2 h prior to 
the addition of anti-botulinum phagemid (D, ■) or C6.5 scPv phage- 
mid (O, #) (1.6 X 10' cfu/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 pha^ concentration on the recovery of intracellular phage. Various concentrations of C6.5 scPv phagemid, C6ML8-9 
scPv pha^mid, C6.5 diabody phagemid or C6.5 scFv pha^ (input ph^e titer) were incubated with subconfluent SKBR3 cells grown in 6-well 
plates for 2 h at 87°C. Cells were treated as described in the legend to Kg. 4 including the trypsinization step and intracellular pha^ 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-lrbB2 anti- 
body fragments are specifically endocytosed by ErbB2 
expressing SKBR3 cells, can be visualized within the 
^tosol and can be recovered in an infectious form from 
within the cell. When monovalent scPv antibody frag- 
ments were displayed monovalently in a pha^mid 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 scPv phagemids re- 
flect the small percentage of phage displaying two or 
more scPv (21). The importance of valency in mediating 
either high avidity binding or receptor crosslinMng 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-^p 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 rotmd of ceE 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 
successM with either homodimeric diabodies ia 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 scPv that bound receptor in 
a similar manner could also be endocytosed. Thus se- 
lection of Ubraries of monovalent scPv in a phagemid 
vector could result in the selection of ligand munetics 
that activate receptors and are endocytosed as mono- 
mers. Such scFv cotild be especially useM for the con- 
struction effusion molecules for the delivery of drugp, 
toxins or DNA into the cytoplasm. Since antibodies 
which mediate receptor intemalization can cause re- 
ceptor downregulation and growth inhibition (8, 27- 
29), selection for endocytosable antibodies may also 
identify antibodies which dfrectly inhibit or modulate 
cell growth. 
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Internalizing antibodies and targeted 
cancer therapy: direct selection from 
phage display libraries 
Ulrik B. Nielsen and James D. Marks 

Antibody internalization is required for ttie success of many targeted 

therapeutics, such as immunotoxins, immunollposomes, antibody-drug 

conjugates and for the taigeted delivery of genes or w'ral 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. 

▼ Although antibodies show tremendous 
promise for the treatment of human mahgnan- 
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 including, for ex- 
ample, the immnnogenicity of murine antibod- 
ies In humans. More recently, both improved 
tmderstanding of ttmior 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 ttmiorigene- 
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 IrbBl (Ref 3). These cell surface receptors 
serve as ideal antibody targets. 
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Technologies for making antibodies 
Advances in molectilar doning 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, espedaEy those that are humanized, 
are signlficandy 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 htmian 
origin. Transgenlc mice harboring a 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 Umited 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- 
gens*"'. Combinatorial antibody libraries are 
typically cloned from naive repertoires of Im- 
munoglobulin (Ig) V-genes, such as IgM genes, 
from non-immtmlzed donors and are displayed 
on phage (Fig. 1). 

Gene fragments encoding the Ig heavy and 
Ught chain variable regions (Vj, andVJ are am- 
plified from B-lymphocytes using PCR and are 
assembled as single-chain Fv antibody Augments 
(scFv).The assembled genes are inserted into 
a phage display vector in frame vrith the gene 
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Figure 1. Schematic diagram depicting the cloning and selection of naWe phage display antibody libraries: (1) B-I^phocytes obtained from peripheral 

Wood or spleen provide a source of naWe V-genes ftjr repertoire construcMon; C2) the V-genes are amplified by KS using V-reglon-specific primers; C3) a 
splice overlap PCR reaction assembles the V„ and VL genes with a peptide linker creating an scFv 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 di^laylng the antibody library; (5) antigen- 
binding phage antibodies are enriched by panning; and (7) eluted with strong base, then re-Infected into EsctencWocoft" for another round of selection. 

encoding the phage coat protein pIII. Following its introduc- 
tion into EschericMo coli, the random combinatorial library of 
antibody fragments is displayed on phage. Antigen-specific an- 
tibodies can be selected from antibody Ubraries displayed on 
phage after one week and the antibody fragments typically ex- 
press at high levels in E. coli^. 

Another advantage of phage display is that the antibody 
genes are direcdy available for the subsequent genetic engi- 
neering of the antibody fragment, that is, to make fusion mol- 
eoiles* or to improve antibody afBnityi''.The genetic engineer- 
ing of antibody fragments has also enabled an extensive study 
of the physical properties of antibodies affecting the targeting 
of human mahgnancies. Several parameters such as affinity'•, 
valence"'", chaise'* and siEe'* have previously been shown to 
influence tiunor targeting in mo. 

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) Rittixan for non- 
Hodgkins lymphoma'* 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 
IrbBl in breast cancer). Rituxan and Herceptin exert their 
therapeutic effects directly, either by Inducing apoptosis 
(Rituxan'«.>») or by causing growth inhibition (Herceptin^''). 
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 direcdy inhibit 
tumor growth, other strategies using the antibody to deliver a 
toxic payload must be used. 

Many of these strategies rely on the abiUty of the antibody 
to bind to the surfece 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 
Mposomes" or PseuJomonos exotoxin (immunotoxin) in the in- 
terior of tmnor cells'-". The vise 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*'-", and it is there- 
fore essential to select for antibodies that can eUdt 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 cellxdar functions Including antigen presentation, nu- 
trient acquisition, receptor regulation and synaptlc transmis- 
sion. Indocytic pathways are also used by viruses, toxins and 
symbiotic microorganisms to gain entry into cells. 

Internalization via dathrin-coated pits 
One of the most well-characterized endocytic mechanisms Is 
receptor-mediated endocytosis via clathrin-coated pits. The 
binding of Ugands to receptors often leads to receptor aggre- 
gation, either by inducing a conformational change or by 
cross-linking receptors^'-**. In the case of the EGF receptor^^ 
and the Fc receptor type II (Ref. 28), the receptors subse- 
quendy 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 dathrln, which directs the pro- 
tein into these pits". The fate of the receptor-Ugand complex 
after it is in the endocytic vesicle is dependent on the receptor. 
For example, the transferrln receptor enters the early endo- 
somes from which it is rapidly recycled along vrtth transferrin 
to the cell surface'". By contrwt, the EGF receptor is either re- 
cycled following dissociation of EGF or it accumulates in the 
late endosomes wherein It Is degraded. 

Drug deiivery via internalizing antibodies 
Antibodies and antibody fragments can deliver a variety of 
agents, such as drugs, genes, toxins and radionucHdes, 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 dehvery route is that therapeutic agents 
an be dehvered spedflcally into target cells that overexpress the 
receptor and thereby increMe efHcacy while reducing systemic 
toxldty.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. 

ImmunocMnJugates 

Monoclonal antibodies directed to ttunor-associated antigens 
have been chemicaly conjugated to a variety of drugs such as 
doxorubicin" and more-toxic molecules such as enediynes". 
Most irmnunoconjugates 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 intemaUzed into cells by receptor- 
mediated endocytosis enter endosomes and lysosomes that 

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 metabohc potential of the endosomes and Ipo- 
somes". 

Targeted gene delivery 

To accomplish antibody-mediated gene dehvery, the antibody 
must contain a domain that vrill complex or encapsulate the 
DMA vector. This can be a non-speciflc 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 dehvery into cancer cells; how- 
ever, after It has entered the endosome, the gene mtist 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 domains", and 
translocation to the nudetis has been Improved using nudear 
localization signals". Also, cationic hpid-DNA complexes that 
efficiently escape the endosomes have been targeted to tumors. 
Such agents, however, are rapidly deared from the circulation. 
Thus, the highest levels of activity are observed in 'first pass' 
organs, such as the limgs, spleen and hver. Viruses, which In- 
herendy escape from the endosome, have also been targeted 
vrtth antibodies. Engineered viruses, however, can generate an 
inunune response that can compromise transfection efficiency 
on subsequent Injections. In addition, the natural wUd-type 
troplsm must be attenuated to obtain tumor tai^et specifldty 
Eventually, a better understanding of endosomal escape vrtll 
lead to targeted gene dehvery constructs that achieve Mgh gene 
expression vrtthout the potentially harmful toxidty associated 
vrtth viral gene dehvery. 

Immunoliposomes 

Several llposomal drugs, such as the hposome-encapsulated 
doxorubicin, have proven to be effective against cancer In clini- 
cal trials'*. The steric stablhzation of hposomes vrtth polymers 
such as polyethylene glycol (PEG) have increased the circula- 
tion time by reducing the rate of retlculoendothehal dearance 
and increasing the uptake by tumors^.The coupling of anti- 
bodies to hposomes to form immimoliposomes (ILs) shows 
promise for Increasing the efficacy of hposomal drugs against 
solid tumors and leukemia by specific interaction with 
the tumor cells. In early studies, a strong assodation 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 intemallzation*'. Since these 
studies, numerous investigations have demonstrated that the 
cytotoxicity of the Uposome-encapsulated drug increases when 
the llposome carrier is intemaUzed into the target cel^'.^-^s. 
Enhanced efficacy in viw also appears to depend on intemal- 
lzation. When the monoclonal anti-IrbB2 antibody N-12AS 
was coupled to sterlcaEy stabiized hposomes, no increased ef- 
ficacy over tmtargeted hposomes was observed*i. By contrast, 
when an intemahzing antl-lrbB2 Fab was used for IL construc- 
tion, greafly enhanced efficacy in a motise xenograft model** 
was observed owing to enhanced IL uptake into tumor cells 
(D. Kirpotln et d., tmpublished). 

Immunotoxins 
Immvmotoxlns are attractive candidates for cancer therapy be- 
cause they combine the spedflcity of ttmior-ceU-reactive anti- 
bodies with the high cytotoxic potency of naturally occurring 
to3cins''^'. Psoidomonas exotoxin (PE) is frequendy used for im- 
mtmotoxin construction. PB and related toxins consist of three 
regions involved in binding, translocation and activity. The 
translocation domain is beheved to actively transport the active 
domain from the endosome into the cytosol.This makes toxins 
such as PE weE stiited for targeting by receptor-mediated en- 
docytosis because this is the pathway that the toxin naturally 
transits before entering the cytosol, where it efiiciendy inhibits 
protein synthesis. Indeed, immtinotoxlns have shown eflficacy 
in several clinical trials, particularly for the treatment of hema- 
tological tumors*'. Indocytosis of the antigen-immimotoxln 
complex appears to be the most important determinant of in 
vitro cytotoxicity CSther 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- 
cytosis*^. 

Radionuclide antibody conjugates 
Radioimmunotherapy (RAIT) or immunoscintigraphy using 
systemically administered antibodies Bnked to radionudides is 
a promising approach to the treatment and diagnosis of cancer. 
It is not iimnediately obvious that antibody intemalization is 
advantageotis for RATT and Immimoscintigraphy. Following in- 
temalization, radioiodinated antibodies are usually degraded 
and dehalogenated intracellularly*', leading to the conclusion 
that non-internalized antibodies would be superior. However, 
the intracellular degradation of radiolabelled antibodies and 
the subsequent secretion of radioactive iodine does not seem 
to prevent the accumulation of intracellular radioactivity. 
Indeed, the acctunulation and retention of radioactivity in the 
tumor tissue, owing to the Intemalization of radiolabelled an- 
tibody, improved the inmiimoscintigraphy of xenografts in 

nude miceM. Ftulhermore, dehalogenation in the cell only takes 
place when iodine nucUdes are attached to tyrosine residues 
usingTrouts reagent" (other radionuchdes such as '"In or 
chelated nudides can also be used). In RATT, intemahzation 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 dose to the 
tumor cell nucleus, an improved therapeutic advantage can be 
achieved. In the case of Auger emitters such as '^'I, lawa toxl- 
city is observed. This is probably caused by the short path 
length of their low-energy electrons, which can reach the nu- 
dear DNA only if the antibody is internalized". 

For several other antibody-based strategies, intemalization 
can be prohibitive. For instance, bi-spedfic antibodies and im- 
mime-stimtilatory fusion proteins require interaction on the 
eel stirface with cells of the immtme system, thus making in- 
temalization tmdesirable. Likewise, intemahzation is not de- 
sired for antibody-directed enzyme prodrug therapy in which 
an antibody-bound enzyme is localized to the cell surface 
where it enzymaticaEy converts a prodrug. 

Factors that influence antibody Intemalization 
Several approaches have been used to devdop antibody-based 
deUvery 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 intemalization, (S) release of 
the therapeutic molecide from the endosome, and (6) re-ex- 
pression of the antigen on the cell surface (Fig. 2). 

Several antibodies to cell sturface receptors, such as the BGF 
receptor"-'*, BrbB2 (Refs SS,S6) and transferrin receptor^', 
induce intemalization. Other cell surface molectiles have also 
been shown to mediate antibody intemalization (although 
often at a slower rate).These indude the neural cell adhesion 
molecule'" (NCAM), prostate-specific membrane antigen'^ 
(KMA), carcinoembryonic antigen*' (CEA) and mucins^".The 
therapeutic potential of antibodies and antibody-targeted 
drugs has been correlated with antigen density on the target 
cell surface*!.«. A ygjj density of eel surface receptors permits 
more antibodies to be concentrated on target eels, which con- 
sequendy results in greater pharmacological effectiveness". 
The choice of antigen is a key factor for targeting mahgnandes 
because, to a la^e extent, it determines the rate of intemaliza- 
tion and intracelular routing*'.**. Indeed, the rate of intemal- 
ization plays a key role in predicting the cytotoxicity of drug 
or toxin conjugates**-*'. 

However, not aU antibodies binding to internalizing re- 
ceptors are rapidly internalized"-**. It appears that the epitope 
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Rgure 2, Antibody targeting of drugs to celis via receptor-mediated endocytosis; (1) antibody 

conjugated to a ttierapeutic agent such as a toxin, drug, radionuclide, llposome or DNA binds to receptor 
overexpressed on the target ceil; (2) antibody binding ttggers intemailzation of the receptor; (3) 

typically, the therapeutic agent must escape from the endosome in order In exert its acMon in the 
cytoplasm or nucleus; and (4) the receptor Is either recycled to ttie surftce or degraded in the endosome. 

recognized by the targeting antibody influences the rate of tn- 
temalization*w. Freqnendy, the antibody mimics the natural 
ligand. For Instance, some internalizing antibodies against the 
EGF receptor cause tyrosine phosphorylatlon and, in some 
cases, also mimic the mitogenic effects of IGF'"*-*'. Tyrosine 
phosphorylatlon of the EGF receptor, however, is not a require- 
ment for antibody Intemailzation*'. Similar discrepancies have 
been reported for the activities of internalizing antl-ErbB2 
monoclonal antibodies'*'*'. 

Most of the investigations carried out on the Intemailzation 
of antibodies did not address the role of mnltivalency in anti- 
body intemailzation. For many antibodies, however, blvalency 
seems to be mandatory for intemaUzation. When monovalent 
Fab fragments of several antl-ErbB2 antibodies were tested for 
IntemaHzation, the fragments were not internalized"'. Similar 
observations were reported for the Fab portion of an anti-BGF 

Dnjg or toxin 
receptor antibody*'. Further, increas- 
ing the valency of antibodies can also 
increase their intemailzation. For in- 
stance, intemailzation of IgG aggre- 
gates by polymorphonuclear neutro- 
phlls varies with the size of the 
aggregates^'. Thus, caution must be 
used when designing recomblnant an- 
tibody targeted drugs with a mono- 
valent binding site, such as scFv or 
Fab, to enstire efficient intemailzation. 

Screening antibodies for 
intemailzation 
The most conmion method for moni- 
toring the intemailzation of ligands 
and antibodies into eels uses a low pH 
buffer (typically glycine-HCl. 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 intemailzation experiments'*-''. 
Alternatively, antibodies can be bio- 
tinylated with NHS-SS-blotin and in- 
cubated with live cells. Following the 
spedflc reduction of biotin groups on 
cefl surface boimd antibodies with re- 
ducing agents, Intemailzation can be 
quantitated by immunoblottings*. 
However, the accuracy of this method 
also relies on the complete removal of 

biotin from the cell surface bound antibody. All of the above 
mentioned screening methods are laborious, alowing only a 
limited ntunber of different antibodies to be screened for in- 
temailzation. 

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. Recently, the direct se- 
lection of peptldes and antibody fragmenB binding cell stuface 
receptors from filamentous phage libraries by the incubation 
of phage hbrarles with a target cell line has been demon- 
strated*'^''-".This has led to an increase in the munber of po- 
tential targeting molecules. However, the isolation of cell-type- 
speciflc antibodies from naive hbrarles has been dlfiicult 
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Figure 3. Intemalization of anti-ErtsBa phage derivatives. The &bB2-overejspressing cancer cell line SKBR3 was grown on coverslips and Incubated witti 
(a) control phage antibody; (b) phagemid displaying single copies of antI-EAB2 scFv, K„ = 16 nw; (c) phagemid dlspla^ng single copies of anti-ErbB2 scIV 

KB = 1 nw; (d) phage di^laying single copies of anti-ErbBI bivalent diabody; or (e) multivalent phage dl^laylng 3-5 copies of anti-ErtsB2 scFv for 2 hours 
at 37°C, Intracellular phage was detected with blotinylated antI-M13 antlserum and Texas-Red sfteptavldln. (Adapted from Ref. 80.1 

because selectloM often result In the isolation of antibodies to 
common cei surface antigens". 

Phage intemalization into mammalian cells 
The ability of bacteriophage displaying peptides to undergo 
receptor-mediated endocytosis'*-" indicates that phage anti- 
body libraries might be selected not only for their cell binding 
but also for their intemalization into maimnalian cells. Unlike 
peptide phage hbraries, ho^rover, phage antibody libraries typ- 
icaly display monomeric scFv or Fab antibodies fused to pIII 
as single copies on the phage surface (phagemid libraries). It 
has been hypothesized that such monovalent display is unlikely 
to lead to efiicient receptor cross-linking and phage intemal- 
ization. To determine the feasibiUty of selecting internalizing 
antibodies and to identify the factors responsible for phage in- 
temalization, the C6.S phage antibody has been investigated, 
C6.S scFv binds the growth factor receptor BrbB2, which is 
overexpressed in many soUd tumors. Similar to the majority of 
antibodies, monovalent C6.S scFv is only minimaly internal- 
ized, although the bivalent diabody is efTiciendy endocy- 
tosed^'. Investigations have also been carried out on the 

phagemid displaying single copies of C6.S scFv^', phagemid 
displaying a 16-fold higher affinity mutant of C6,S scFv'*, 
phagemid displaying single copies of the bivalent C6.S dia- 
body'* and phage displaying multiple copies of CCS (Fig. 3). 
For these studies, the phage were incubated with live cells at 
37°C, the surface-boimd phage was removed by acid washing 
and the endocytosed phage recovered by cell lysis. 

The intemalization of monovalent C6,S scFv was only fotir- 
fold greater than the intemalization of a non-spedflc anti-bot- 
uhntun phage antibody (background intemalization). Display 
of the 16-fold higher affinity C6.S mutant increased intemal- 
ization to 16-fold above background. Indocytosis was greatest 
when the phage antibody was mtiltlvalent, prepared either by 
tBlng the bivalent diabody or by display on a phage vector. The 
uptake of multivalent phage increased to 30-fold (diabody) 
and 146-fold (phage vector) above background. For any dis- 
play format, the enrichment ratio above background was much 
greater for intemalized phage compared with phage recovered 
from the cell surface (only two-fold to 20-foM above back- 
pound). The result of the uptake of the different phage anti- 
bodies as determined by fluorescence microscopy agreed with 
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Rgure 4. Selection ftir antibody intemalization from a phage di^lay library; (1) phage antibody 

library Is incubated wi* the taqet cells at 4°C to reduce Intemalization; (2) unbound phage Is 

washed away and ceils are returned to 37°C for <15 minutes to enable the Intemalization of phage 

bound to internalizing receptors; (3) cell surface bound phage are stripped witti low pH acid buffer; 
C4j cells are lysed and phage recovered by reinfection Into Eschsrichia coff; and (5) phage are 
re-amplified ftir additional rounds of selection. 

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

Selection ofinternalking antibodies front phage display 
libraries 

The strategy described above was used to direcdy select from a 
large naive phage antibody hbrary' a scFv capable of triggering 
endocytosis into breast tumor cells upon receptor binding 
(M.A. ftjul et al., tuipublished; Fig. 4).This hbrary displays sin- 
gle copies of monovalent scFv using a phagemid vector. 
Although owt results described above indicate that this is not 
the optimal display format for intemaUzation selections, no di- 
abody or phage based naive Mbraries currendy exist. 

After three rotmds of selection, greater than S0% of the scFv 
analysed bound to the selecting cell line. The further 
characterization of several of these antibodies Identified two 
that bound ErbB-2 (FS and Cl) and three that botmd the trans- 
ferrln 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- 

rified scFv were rapidly endocytosed 
into cells expressing the appropriate re- 
ceptor. The scpv that bind lrbB2 and the 
transferrin-receptor did not sponta- 
neously dlmerize and do not require 
dimerization in order to tmdergo inter- 
nalization". The intemalization of the 
antl-lrbB2 scFv FS was compared with 
the C6.S scFv, which was selected on re- 
comblnant lrbB2 protein using tradi- 
tional panning strategies". The anti- 
bodies recognize different epitopes on 
ErbB2 with comparable afftnities; how- 
ever, C6.S scFv does not slgiriflcantly in- 
temahze Into lrbB2 as monomerlc scFv, 
whereas FS scFv does. 

Using this strategy of selection for In- 
temalization into tvmior cell Bnes, inter- 
nahzing antibodies to BrbB2, 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 nattu-e of the antigens identi- 
fied to date, the identification of novel 
antigens from these selections using ex- 

pression cloning and protein microsequenclng are currently 
being piusued. 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 fimctlons, 
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 intemahzlng 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 Intemalization as a surrogate 
marker to identify desirable biological effects of the antibody, 
for example, apoptosis or growth inhibition. Indeed, a signifi- 
cant grovyth 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 abihty to dehver drugs into 
the cytosol. 

Human scFv antibodies selected fi»m a phage display hbrary 
for intemalization into tumor cells can readily be used as tar- 
geting molecules for drug delivery. For example, one of the 
scFv against HrbB2 was conjugated to the surface of commer- 
cial hposomal doxorubicin converting it into fully fimctional 
doxorubicin-loaded  antl-ErbB2   immunoUposomes   (UB. 
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Nidsen tt ol., unpublished).The resulting ILs have superior ef- 
ficacy in an BrbB2 overexpresslng mouse xenograft model 
compared with untaigeted liposomal doxoruMcin. Because of 
the entirely human origin of the scFv, it is likely that the result- 
ing ILs wil be non-immunogenlc in humans. 

Conclusion 

It is envisaged that the selection for internalization methodol- 
ogy will be generaly appUcable to generate scFv capable of de- 
Uverlng Uposomes or other agents Into a wide variety of tumor 
eels, such as prostate and ovarian cancers. In addition, the gen- 
eration of multlvalently displayed antibody fragment hbraries 
(either as diabodies or on phage vectors) should greatly In- 
crease the niunber of internalizing antibodies generated using 
this approach. Compared with scFv isolated from monova- 
lently displayed hbraries, these antibody fragments might need 
to be used mrdtivalendy (as on Uposomes) in order to be In- 
ternalized. Alternatively, they might be useful as monovalent 
scFv to target the cell surface for bispeciflc therapeutic ap- 
proaches because they are not llkdy to be endocytosed in that 
format. 
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Introduction 

Antibody intemalization into the cell is required 
for many targeted therapeutics, such as immuno- 
toxins (Altenschmidt et ah, 1997), immunolipo- 
somes (Kirpotin et ah, 1997), antibody-drug 
conjugates and for targeted delivery of genra or 
viral DNA into cells (Fominaya & Web, 1996). Thfa 
can be accomplished by taking advantage of nor- 
mal receptor biology: ligand binding catKes 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 recqjtor dimerization 
(Heldin, 1995; Yarden, 1990). In addition, Oie effi- 
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1150 Internalizing Phage Antibodies 

dency with which antibodies mediate intemaliz- 
ation differs significantly depending on the epitope 
recognized (Hurwitz el al, 1995; Yarden, 1990), 

Currently, antibodies which trigger intemaliz- 
ation are identified by screening antibodies derived 
by either hybridoma or phage antibody technol- 
ogy. However, this iisually involves examining 
antibodies recognizing specific targets, and while it 
may take the biology of the target into account, it 
takffi no accotmt of the biology of the antibody 
that is triggering receptor endocytosis. Antibodies 
which trigger receptor endocytosis could be 
directly selected firom large non-iixunime phage 
libraries (Marks et al, 1991; Sheets et al, 1998) by 
recovering infectious phage particles from within 
cells after receptor-mediated endocytoste, 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 
hised to pni as single copies on the phage surface 
using a phagemid system (de Haard et al, 1999; 
Knappik et al, 2000; Marls et al., 1991; Nissim et al., 
1994; Sblatero & Bradbury, 2000; Sheets et al., 1998; 
Vaughan et 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 (Schler et al, 1995). 
Using wild-type C6.5 scFv 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 et al, 1999). 
The low efficiency reflects the expectation that a 
monomeric binding unit is imable to mediate 
receptor cross-linking and phage intemalization. 
Since C6.5 was selected for binding to rwtive pro- 
tein, we reasoned tiwt if scFv were able to mediate 
intemalization in the monomeric form, the most 
effective way to identify tten would be by direct 
selection from a large non-immime phage library 
by recovery of infectious pha^ particte from 
within tumor cells. Here we report the succ^sM 
selection and characterization of such tumor- 
specific internalizing antibodies. 

sete of selections were performed in parallel. For 
one set of selectioiw, fibroblast depletion was per- 
formed during each round of selection. For the 
second set of selections there was no fibroblast 
depletion in the firet round to avoid the potential 
lc»s of rare phage antibodies which bound to anti- 
gens that were quantitatively but not qualitatively 
diferent between the selecting and depleting cell 
lines. After phage binding, the cells were washed 
extensively with phosphate-bufered saline (PBS) 
to remove non-spedfically or weakly boimd phage. 
Cells were then incubatai at 37 °C for 15 minutes 
to allow endocytosis of surface-boimd phage. Fif- 
teen minutes was chosen, since it is long enough to 
allow ligand-induced intemalization of receptoiB 
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 et al, 1999). 
To recover phage fi-om within the cell, the celb 
were stripped tfcee times with a low pH glydne 
buffer to remove phage boimd to the cell sxarface, 
trypsinized and washai 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, 
coH TGI to prepare phage for the next round of 
selection, A totil of three rounds of selection were 
performed. SelectioiB were monitored by titering: 
(1) the number of phage boimd to the cell surface 
in the first low pH glydne wash (wash 1); and (2) 
the nimiber of endocytosed phage recovered firom 
within the cell (cell lysate) (Table 1). For both selec- 
tion strategies (idepletion on fibroblasts in the 
first roimd), the titer of phage boimd to the cell 
surface increased only four- to tenfold after three 
roxmds of selection while the titer of phage recov- 
ered in the ceH 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 
l(W-fold increase in the number of endocytcKed 
phage recovered per cell, fi»m 0.01 phage/cell up 
to 3.75 phage/cell (Table 1). These data suggest 
that phage were selected on the baste of endcKyto- 
sis into SKBR3 celb. 

Results 

Selection of Internalizing phage antibodies 

For selectiorK, 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 SB3R3 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 houiB. This step was performed at 4''C 
to allow phage binding without intemalization. 
The fibroblasts were used to deplete the library of 
phage antibodies which boimd to antigeiw com- 
mon to SBCBR3 cells and fibroblasts. Two different 

Initial characterization of phage antibodies 

Antibodies binding SBCBR3 cdb were identified 
by cell ELBA using native soluble scFv expi^sed 
firom randomly picked single colonies from the 
second and third roimds of selection. When 
depletion was included in each roimd of selection, 
11/94 (11.7%) of tiie clones bound SKBR3 celb 
after two rounds of selection and 55/135 (40.7%) 
botmd SKBR3 cells after three rounds of selection 
(Table 2). All positive clones gave no signal above 
background on fibroblasts in a cell EUSA assay, 
indicating that the library had been efficiently 
depleted of antibodies common to fibroblasts and 
SKBR3. The firequency of SKBR3 ELBA pc»itive 
clones  was   siinilar   wfen   depletion  was   not 
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Table 1. Rraults of pha^ antiboc y library sdection on SKBR3 cells 

Number of 
fibroblasts 
used for 
depletion Pha^ input 

Phage output 
Phage input/output ratios 

(xl0-») Phage output/cell 

Round 
Wash 1 (cell 

surface) Cell lysate 
Wash 1 (cell 

surface) Cell lysate 
Number of 

cells 

Number of   Number of 
pha^/cell    phage/cell 

(cell surface) (intracellular) 

1 
2 
3 
1 
2 
3 

0 
5.0E + 06 
4,5E + 06 
5.0E + 06 
4.5B + W 
1.2E + 06 

3.0E + 12 
2.7E + 12 
8.4E +12 
3.0E + 12 
l.OB + 13 
1.7E + 13 

3.6E + 06 
LIE+ 06 
4.4E + 07 
3.8E + 06 
2.0E + 06 
13E + 07 

9.7B + 04 
5.0E + 04 
l.OE + 07 
3.5E + 04 
1.2E + 05 
75B + 06 

120 
40 
523 
126 
20 
76 

3.2 
1.8 
119 
1.2 
1.2 
44 

ND 
3.4E + 06 
3.9E + 06 
2.7E + 06 
3.3E + 06 
2.0E + 06 

ND               ND 
0.32              0.01 
11.3               2.7 
1.4 0.01 
0.6               0.04 
6.5 3.8 

ND, not determined. 

included in the first round; however, the majority 
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 foctised only on the library which 
had been depleted during each round of selection. 

Since SBCBR3 cells are known to exprras high 
levels of the internalizing receptor ErbB2, bacterial 
supematants containing soluble scFv were 
screened for binding to ErbB2 extracellular domain 
(BCD) by ELBA. After three rounds of selection, 
29/135 clones (21%) bound ErbB2 BCD (Table 2). 
This represente approximately 50% of flie anti- 
bodies which botmd SKB^ celb. The number of 
unique ErbB2 binders was determined by PCR fin- 
gerprinting of the 29 EOSA positive clones fol- 
lowed by DNA sequencing. Two tinique ErbB2- 
binding hximan scFv (F5 and Cl) were identified. 
Neither of these antibodies was sinular in sequence 
to tiie 14 anti-ErbB2 scFv obtained selecting the 
same phage antibody library on purified recombi- 
nant ErbB2 BCD (Slwets et al, 1998). 

Further characterization of ErbB2 
binding antibodies 

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

Table 2. Frequatcy of binding clones after selection of a 
phage library on SKBR3 cells 

Roimd of selection 
libB2 positive    SKBR3 positive 

phage (%)• phage (%)"> 

1 (First round no depletion) ND 
2 0.50 
3 1.10 
1 (First round dqjleted) ND 
2 5.10 
3 21.m 

ND 
ND 
ND 
ND 

11.70 
m.70 

ND, iK)t determined. 
* As determined by ELBA of 96 random clones on lecombi- 

nant ErbB2 BCD. 
^ As determined by ELBA of 96 random clones on SKB1R3 

ceVs. 

expression had been described (Lewis et al, 1993). 
They both stained SKBR3 and SKOV3 cells 
strongly, stained MCF7 cells weaMy and did not 
stain fibroblaste and the normal breast cell line 
Hs578Bst (Table 3). The same profile was observed 
using phage displaying the C6.5 scPv that recog- 
nizes BrbB2 (Schier et al, 1995) and the ana-ErbB2 
monoclonal antibody 4D5 (Sarup et al, 1991), F5 
and Cl did not stain Chinese hamster ovary 
(CHO) celb or CHO celb transfected with the BGF 
receptor but did stain CHO cells transfected with 
ErbB2 (not shown). For subsequent studies, the F5 
aiui Cl scFv genes were subdoned into a vector 
which fiKcd a C-terminal hexahistidine sequence, 
expressed firom Escherichia coli TGI and ptirified by 
immobilized metal affinity chromatography 
(IMAC), Gd filtration analysis indicated that both 
F5 (Figure 1) and Cl existed exdtisively as mono- 
meric scFv with no apparent spontaneous dimeri- 
zation or ag^egation as seen with some scFv 

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

Cell type 

Primary 
antibody SKBia MCF7 SKOV3 LNCaP Fibroblasts 

A. ErbB2 positive scFv-phase 
C6.5 526* 16 6!D nd 1 
P5 4867 123 5839 nd 11 
Cl 858 0 566 nd 0 
4D5 
(Mab) &X) 29 586 nd 2 

B. Er6B2 mgative scFv-phage 
3rE3 1056 1(X)2 416 nd IM 
m «03 1219 945 nd 93 
3TB5 225 Ml 336 IW 9 
2TF5 1973 495 805 nd 0 
3TH8 153 1 3ra 1 0 
3TG5 469 m 714 82 3 
3TF12 611 83 31 233 7 
2TB4 138 3 1 nd 1 
C2-1 181 8 81 nd 1 
3Gm 1(B 6 1154 45 0 

nd, not determined. 
■Resulte are expressed in mean fluorescsnt intensity (MFl) 

minus background fl uorescence. 
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Figure 1. Gel filtration analysis of purified F5 scFv 
and diabody. F5 scFv and diabody were purified by 
MAC and analyzed by gel filtration on a Sqjhadex 200 
column. The mobility of the scFv was consistent with a 
molecMlar mass of 25 kDa, with no evidence of dimeri- 
zation (the mobility of the diabody peak). 

(Griffltte et at, 1993). F5 bound recombinant lrbB2 
with a Kj, = 1.6 x 10"' M as measured by surface 
plasmon resonance (SPR) in a BIAcore, and bound 
ErbB2 on SKBR3 celk with a KD= 1.36 x W' M. 
The Kj^ value of Cl was at least tenfold lower. 
Interestingly, these two scFv recognized the same 
epitope on ErbB2 as determined by competition 
EUSA (Figure 2(a)). This epitope was different 
than the epitope recognized by the hximan scFv 
phage antibody C6.5 and the murine monoclonal 
antibody 4D5 pgure 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 immimopredpitate 
ErbB2 fmm a SKBR3 cell lysate pgure 2(d)). 

Further characterization of non-ErisB2 
binding antibodies 

To characterize ftirther the specificity of non- 
lrbB2 binding antibodies, phage were aiMlyzed for 
binding to a paiwl of tumor and normal cell lines 
iwing flow cytometry. Phage were used for these 
studies rather than native soluble scFv because 
phage generate stronger signak due to signal 
amplification that resulte from the multiple copies 
of flte major coat protein pVin, To identify unique 
antibodies for flow cytometry studies, the scFv 
gene was K!R amplified from 18 SBCBR3 positive 
and ErbB2 ECD negative clones and fingerprinted 
using the frequentiy cutting restriction enzyme 
BsfNl. Ten unique feigerprint patterns were ident- 

ified representing ten unique antibodies. Phage 
were prepared from each different pattern and 
used to stain a panel of human cell Imes (normal 
human flbroblasts, the breast tumor cell lines 
SKBR3 andMCF7, the ovarian tumor ceE line 
SKOV3 and the prostate tumor cell line LNCaP). 
All ten phage antibodies stained SKBR3 cells better 
than fibroblaste 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 subsete of 
cells (SBCBR3 and SKOV3 ceDs: dones 3TH8 and 
3TG5, SKBR3 and LNCaP cells: clone 3TF12, 
SKBR3 cells: clonra 2TB4 and C2-1, or SKOV3 cells: 
done 3GD8). We selected one of these phage anti- 
bodies that bound all tumor cells analyzed (H7) for 
ftirther characterization. 

H7 phage antibody binds the 
transferrin receptor 

The H7 scFv gene was subdoned, expressed and 
ptirified by MAC as described above. Like F5 and 
Cl scFv, gel filtration analysis indicated that H7 
existed exclusivdy as monomeric scFv with no 
apparent spontaneoiK dimerization or aggregation. 
To identify the receptor bound by H7 scFv, initially 
we attempted to detect an immunoreactive band 
by Wffitem blotting. However, no immunoreactive 
bands were apparent in a blot of SKBR3 cell lysate 
(Figure 2(c)). We therefore used the H7 scFv to 
immimopredpitate membrane biotinylated SiCBR3 
<»11 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 duted 
iBuig immidazole, the eluted fractions run on an 
SDS^% (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 teed to quanti- 
tatively purifiy p90 from native cell lysates for 
N-terrninal protein sequencing. The sequence cor- 
responded to tiie N-terminal sequence of the traiB- 
ferrin receptor (TfR) (Schneider et ah, 1983). The 
identify of p90, was confirmed by analyzing immu- 
nopredpitates of SKBR3 lysates obtained with H7 
scFv using a monodonal anti-TfR antibody (White 
etfll., 1992) pgure 2(d)). 

F5 and H7 phage antibodies and native scFv 
are rapidly Internalized by SKBR3 cells 

To determine whether F5 and H7 phage anti- 
bodira were endocytosed, we incubated phage 
with BJKBR3 celb and identified internalized phage 
using an anti-pVUI antibody and ctmfocal 
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 
intraceUular staiiung. This is consistent with pie- 
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Figure 2. Characterization of anti-ErbB2 and ana-transferrin receptor scFv. (a) Epitope mapping of the F5 and Cl 
anti-ErbB2 scPv. The epitope recognized by the F5 and Cl scFv selected for intemalizatton were compared to the 
ErbB2 epitope recognired by the scFv C6.5 selected on recombinant ErbB2 protein. For epitope mapping, the ability 
of purified C6.5, F5, and Cl scFv to block the binding of F5 phage (left panel), Cl phage (middle panel), and C6 J 
phage (tight panel) to EibB2 expressing SKBR3 cells was determined by flow cytometry. F5 and Cl compete with 
each other for binding and recognize a distinct epitope from C6.5, (b) Epitope mapping of F5 and C63 scFv versus 
4D5 IgG. The F5 and C6 J epitope were compared to the 4D5 epitope by BIAcore. 4D5 I^ 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 flte H7 scFv. (d) Immunopredpitation of ErbB2 and transferrin receptor from SKBR3 cell lysate using F5, 
C6.5 and H7 scFv. After immunopredpitation with the appropriate scFv, lystates were run on SES-FAGE, transferred 
to nitrocellulose and stained with either anti-ltbB2 or antt-transferrin receptor antibody. All scFv were able to immu- 
nopiwdpitate their target antigen. 

vlous studies showing minimal endocytosis of C6.5 
phage (Becerril et ah, 1999). Intemalization was 
detected as soon as five minutes after application 
of F5-phage and 15 minutes after application of 
H7-phage (not shown). Purified and gd-flltered 

native scFv was also analyzed for intemalizatton 
into SBCBR3 cells by confocal miaoscopy, with 
endocytosed scFv detected with the monoclonal 
antibody 9E10 which recognizes the C-termirml 
myc-tag. As previously showrv both F5 and H7 
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A 

D Figure 3. F5 anti-ErbB2 and H7 
anti-transferrin phage are endocy- 
tosed by SKBR3 cells. Cells were 
incubated with either anti-ErbB2 
phage antibodies F5 (b) and C6.5 
(d), anti-transferrin receptor phage 
antibody H7 (c), or an irrelevant 
anti-botulinum phage antibody (a). 
Endocylosis was determined by 
staining with anti-M13 antibody 
and analyzing the resulte by confo- 
cal microscopy. Only F5 and H7 
phage antiboclies show significant 
intracellular staining. 

scFv were monomeric in solution (Figure 1). Both 
F5 and H7 scFv gave strong intracellular staining, 
whereas no intracellular staining was seen using 
the control anti-botulinum scFv and minimal intra- 
cellular staining was observed with the anti-ErbB2 
C6.5 scFv (Figure 4). 

Growth Inhibitory effects of F5 and H7 scFv on 
SKBR3 cells 

Since the H7 and F5 antibodies bound to cell 
surface receptors in a manner that induced endocy- 
tosis, we evaluated whether there was any associ- 

I 
Figure 4. F5 anti-lrbB2 and H7 

anti-transferrin receptor scFv are 
endocytosed by SKBR3 cells. Cells 
were incubatei with either anti- 
ErbB2 scFv F5 (b) and C6.5 (d), 
anti-transferrin receptor scFv W 
(c), or an irrelevant anti-botulinum 
scFv (a). Endocytosis was deter- 
mined by staining with an anti- 
myc tag antibody, wldch recog- 
nizes a C-terminal epitope tag on 
the scFv, and analyzing the resulte 
by conftical microscopy. Only P5 
and H7 phage scPv diow signifi- 
cant intracelliilar staining. 
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Figure 5, Effects of anti-ErbB2 antibodies F5, C6.5 and 
4D5 on SBCBR3 ceU growth. The ability of F5 scFv, F5 
diabody, C6.5 scFv, C6.5 diabody, and 4D5 IgG to inhi- 
bit flie growth of SKBR3 cells was determined. Only 
4D5 showed a dose-dependent growth inhibition. 

ated biologic activity with rrapect to growth inhi- 
bition. As antibody-induced intemahzation can 
potentially increase the turnover of ErbB2 recep- 
toiB, reduce the density of cell surface receptore 
and have an effect on cell growth (Sarup et at, 
1991; Tagliabue et 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 Hg/ml) while the control mAb 4D5 
inhibited ceU growfli of 50 % after five days of cul- 
ture at a coiKBntration of 5 nM as published 
(Sarup a 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 coiBtructed a 
bivalent format of F5 scFv (diabody F5) by diorten- 
ing the linker between the immimoglobulin heavy 
dwin variable domain (VH) and light chain vari- 
able domain (Vj) from 15 to five amino add resi- 
dues. This prevents intramolecular pairing of flie 
VH and VL, i^ulting in intermolecular pairing and 

creation of an scFv dimer termed a diabody 
(Holll^r el al, 1993). The expected size of Oie F5 
diabody was confirmed by gd filtration (Figure 1) 
and the functional affinity measured as 16 nM. The 
diabody F5 had no effect on SKBR3 growth 
pgure 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 effert for the F5 
antibody, the distances between the antigen com- 
bining sites as well as binding site flexibility are 
different for diabodies and I^. Whether F5 would 
cause growth inhibition as an I^ 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 ^osine phosphorylation 
of ErbB2 while the monodonal 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 paralld with an irrelevant anti-botulinum 
scFv or witii the 4D5 anti-ErbB2 mAb. We 
observed a strong inhibitory effed (50%) on cell 
growth ming H7-scFv at a concenfration of 
3MnM (lOng/ml). The extent of inhibition 
obtained was comparable to the maximal effect 
obtained tKing 4D5 and no inhibition was obtained 
with the irrdevant scFv (Figure 6(a)). Anti-TfR 
antibodies generated using hybridoma technology 
have also been assodated with a growth inhibitory 
effed (Kovar et al, 1995; Valentini et al, 1994). To 
investigate the mechanism of the H7 scFv antagon- 
ist effect on cdl growth, we studied the effed of 
holotransferrin (iron charged transferrin) on the 
binding of H7-phage antibodies to SBCBR3 cells. 
Holotransferrin was able to inhibit H7 phage anti- 
body binding to SKBR3 celb (IC50 10 nM) 
(Figure 6(b)). Control e>q)eriments included inhi- 
bition of H7-phage binding wifli soluble scFv-H7 
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Figure 6. The anti-transferrin 
scFv H7 inhibite the growth of 
SKBR3 cells and is a mimic of the 
ligand holotransferrin. (a) Compari- 
son of the growth inhibitory effect 
of anti-transferrin receptor H7 scFv 
and anti-ErbB2 I^ 4D5 on SKBR3 
cells. Both antibodies exhibited 
dose-dependent growth inhibition. 
Q>) Competition between H7 scFv 
and holotransferrin for binding to 
SKBR3 cells. 
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(IC^ 100 nM) and non-inhibition by irrelevant 
anti-ErbB2 F5 scFv. Holotraiwferrin abo did not 
inMbit binding of SKBR3 cells by anti-ErbB2 
F5-phage antilwdy. We conclude that the H7 scFv 
is an antagonist of tramferrin binding to TfR. 
Transfenrin, the physiological ligand of TfR, is a 
major carrier for iron and is rapidly internalized 
upon TfR binding. H7 scFv's irftiibitory effect on 
SKBR3 growth may result from the combined 
effects of inhibition of holotransferrin endo<ytosis 
and of down regulation of TfR from the cell surface 
leading to intracellular iron depletion. 

Comparison of Internallzation of F5 phage 
versus C6.5 phage 

We have previously shown that C6.5 scFv dis- 
played monovalently in a phagemid system w^ 
only minimally internalized, either as analyzed by 
corrfocal 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 moncjclonal bin- 
ders would be difficult. To understand better the 
successftil selection of F5 and other monovalently 
dkplayed scFv from a phagemid library, we com- 
pared the intemalization rate of F5 phagemid ver- 
sus C6.5 phage with respect to recovery of 
infectious phage particles. After 120 minutes of 
incubation vdlh 3.0 x 10* to 3.0 x 10' phage, sig- 
nificantly more F5 phagemid were recoverai than 
C6.5 phagemid. In fact, F5 scFv displayed monova- 
lently in a phagemid was taken up by EibB2 
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Figure 7. Titer of endocytosed phage as a fiinction of 
applied phage liter. Varying concentrations of F5 phage- 
mid, C6.5 phagenvid, or C6.5 phage (input) were incu- 
bated with SKBR3 cells. Surface bound phage were 
removed with multiple low pH glycine wadies and the 
titer on internalized phage (output) measured by infec- 
tion of E. coli. 

expressing cells to a comparable extent as C6.5 
scFv dfeplayed 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- 
fioi antigens or peptides immobilized on arMcial 
surfaces. This approach may select antibodi^ 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 at, 1996; Sanna et ah, 1995; 
Sawyer et ah, 1997) fixed cells (Van Ewijk et al, 
1997) or living cells (Andersen et al, 1996; Cai & 
Garen, 1995; de Kruif et at, 1995; Marks rf al, 1993; 
Cteboum et al, 1998; Siegel et at, 1997). Such 
approaches, because of the heterogeneity of the 
starting material, require elaborate protocob 
including subtractive steps to avoid the selection of 
irrelevant antibodies. The few successftil selections 
performed on heterogenoiB material were gener- 
ally done iBing small libraries from immimized 
source. There are only three reporte of successftil 
selection on cells using large non-immune libraries 
(de Kruif et al., 1995; Marks et al, 1993; Vaughan 
et al., 1996). The use of immunized libraries limits 
the spectrum of antigen spedfldties that can poten- 
tially be obtained from the same library and typi- 
cally yield murine antibodies. 

"rtie step limiting the selection of bindeiB from 
large naive libraries by eel panning seems to be 
the relatively high backgroimd binding of non- 
specific phage and relatively low binding of 
specific phage (Becerril et al, 1999; Fereira et al, 
1997; Wattere et al, 1997). Tlie low binding of 
specific phage is partially related to the low con- 
centration of a given binding phage in flie 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- 
fration simultaneously limits the effidency of both 
subtraction of common bindere and enridiment of 
specific bindera. To overcome this limitation, we 
sought to take advantage of normal cell surface 
receptor biolo^. Many receptors undergo endocy- 
toste 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 significantiy increased by recovering 
endocytosed phage antibodies from the cytosol 
after stringent removal of non-spedflc phage from 
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the cell surface. Using a model system employing 
an anti-ErbB2 phage antibody, we found that 
enrichment of spedflc versus non-specific phage 
ranged from 3.5 to 146-fold for endocytosed phage 
compared to 2.7 to 20-fold for surface-boxmd 
phage (Becerril et at, 1999). However, the highest 
values were found only for dimeric antibody 
species, either dimeric diabodies displayed mono- 
valently in a phagemid vector or scFv dfeplayed 
multivalently in a phage vector. This is not surpris- 
ing, since tiie literature indicates that with rare 
exceptions, antibodies must be bivalent IgG to 
induce receptor cross-linking and endocjrtosis. All 
large non-immune libraries display monovalent 
antibody fragments (either scFv or Fab) as single 
copies using a phagemid vector, Hms, successM 
selection of internalizing antibodies from such 
libraries would either require that: (1) the scFv 
formed spontaneous diabody dimere, 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 reiport the successful appUcation of this 
methodology to select internalizing antibody frag- 
ments from scFv libraries dteplayed monovalently 
on phage. A large panel of scFv were selected by 
panning on the tumor cell line SKBR3 which does 
not recognize normal hiunan 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 tte 
small sample aiwlyzed (ten different antibodies out 
of 18 analyzed), himdreds to thousands of different 
binders with different spedfldties are likely to be 
present. To imderstand better the properties of the 
selected antibodies, we studied three in detaO, two 
anti-ErbB2 and one that was determined to bind 
the transferrin receptor. All three were effidently 
endocytosed into the target cell line, both as phage 
and as rmtive monomeric scFv antibody fragments. 
Somewhat to otir surprtee, the three sdv did not 
spontaneously dimerize or aggregate as an expla- 
nation for their effldent endocytosis Rattier, the 
data suggest that some scFv, such as the anti-trans- 
ferrin receptor antibody, act as ligand mimetics 
iKSulting in conformational receptor changes which 
trigger endocytosis. This may abo be the case with 
the anti-ErbB2 scFv; however, this carmot be stu- 
died, since the natural ligand for ErbB2 homodi- 
merization is unknown. Siiu:e 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-EibB2 
scFv, the internalizing anti-ErbB2 F5 scFv was 
endocytosed as efficiently when dfcplayed mono- 
merically in a phagemid system as C6.5 displayed 
multivalently on phage. This result explains how 
we were able succerafully to select internalizing 
antibodies from an scFv phagemid library and 
reconciles our resulte with observations fixjm flie 

model system. Our results indicate that selection of 
antibody fragment libraries displayed on phagemid 
yields antibodies which are endocytosed as mono- 
mers. This K likely to be only a small subset of anti- 
bodies capable of triggering receptor-mediated 
endocytosis, limited to Siose antibocUes capable of 
mimicking natural ligand binding or oflierwise 
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 scPv or Fab 
libraries in a phage vector (Griffiths el at, 1994) 
should open up thfe selection approach to more epi- 
topes on more target antigens. Our model system 
results indicate that the most efBdent selection for- 
mat would be display on phage, an approach which 
B presently under investigation. 

The major advantage of selecting for internaliz- 
ing antibodies is that one selects for antibodies that 
tri^er a biologic fimction, not just antibodies that 
bind. In this case the biologic fimction fe 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 spedfically 
into target cells that overexpress the receptor, 
fliereby increasing efficacy while reducing systemic 
toxidty. In addition, many "drugs" require deliv- 
ery into the eel for activity (for example, genes 
and toxins). In some iiKtances, intemalization can 
also be used M a surrogate marker for desirable 
biological effecte of the antibody, for example 
apoptosis, growth inhibition or growth stimulation. 
Indeed, we observed a significant growth inhibi- 
tory effect of the anti-transferrin scPv on cancer 
celfa. Thus, antibodies selected using this approach 
may have a direct therapeutic effect, as well as the 
ability to deliver drup into the cytosol. Since 
many antibodies generated by conventional means 
are not endocytosed, this selection strategy pro- 
vides a more effident route to generating interna- 
lizing antibodies compared to selecting on protein 
antigens and screening antibodies for endocytosfe. 
For example, screening the same non-immime 
library on recombinant ErbB2 extracellular domain 
did not yield either the F5 or Cl internalizing scFv, 
perhaps because their Kp values were significantiy 
higher than other anti-ErbB2 scFv isolated. 

As an indicator of potential therapeutic utility of 
antibodies selected for intemalizatiori, we Iwve 
conjugated the P5 anti-ErbB2 scFv to the surface of 
commercial liposomal doxorubicin converting it 
into fully ftmctional doxorubidn-loaded anti-ErbB2 
immunoliposomes (Nielsen et d., impublished 
rraults). The resulting immunoliposomes have 
superior efficacy in ErbB2 overexpressing mouse 
xenograft modds compared to untargeted Uposo- 
mal doxorubicin. Based on predlnical data, 
expression of the F5 scFv has b^n scaled up for 
toxicology studies, dSMP manufacture, and an 
antidpated phase 1 clinical trial in breast cancer 
commencing in 20)1 (Glaser, 1998). 
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In suimnaiy, we have developed a method for 
selecting internalizing antibody fragmente from 
phage antibody libraries. The approach can be 
used to generate internalizing antibodies to known 
receptore and to identify novel ceU surface recep- 
toiB. The antibodies generated can be used to 
target therapeutic molecules to the cyt<»ol and 
in some iiwtances wil exert a direct cellular bio- 
logic effect via their ability to modulate receptor 
function. 

Materials and Methods 
Cell culture 

Nonnal human flbroblasts and MCF7 cells were 
grown in DMEM, 10% (v/v) fetal bovine serum (FBS) 
(Hydone), nonnal human breast ceE line Hs 518Bst 
(ATCC) in DMEM, 10% fetal calf serum (PCS) comple- 
mented with lOng/ml bovine insulin and 30 ng/ml epi- 
dermal growth factor (EGF), SKBR3 in RPMI, 10% FK, 
CHO in F12,10% ITO and CHO-IGFR (Morrison et at., 
1993) and CHO-ErbB2 (a gift from Ifeith MarshaU) in 
F12,10% complemented with 0.5 mg/ml G418. 

Selection of Internalizing phage antibodies 

A total of five million freshly trypsinized normal 
human flbroblasts and 10'^ cfti of flie pha^ library 
(Sheets et at, 1998) were diluted in 10 ml of ice-cold 
RPMI, 10% PCS and added to sub-confluent SKBR3 cells 
grown in a 10 cm diameter plate. Ater 1.5 hours of incu- 
bation at 4°C on a rocker, the cells were washed six 
times with FBS, covered with piewarmed culture med- 
ium and returned to 37 °C. Ater 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 glydne 
(pH 2.5)). The cells were then trypsinized wash^ 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). Ihe phage content of the TEA lysate 
and the first two glydne washes (neutralized with 
1 ml of 0.5 M Trte (pH 7.4)) was titered by infection of 
Escheridiia coli TGI to monitor the selection. Internalized 
phap (TEA lysate) were ampBfled for another round of 
selection. Three rounds of selection were performed. 

initial characterlzaHon of binders by ELiSA 

After two and three rounds of selection, soluble scPv 
was expre^ed (De BelHs & Schwartz, 19M) from single 
colonies grown in 96-well microtiter plates as d^cribed 
(Marte et at, 1991). Crude culture supernatant were 
tested in ELBA for ErbB2 binding as described (Schier 
et ah, 1996a). In parallel, the bacterial supernatant was 
tested by cell EUSA on SKBR3 cells and on fibroblaste. 
Cells were distributed in conical 96-well plates (500,(X)0 
cells per well) and then centriftiged at Wi g for three 
minutes. The cell pellet was resuspended in IM jd of 
bacterial supernatant diluted twofold wifli PBS, 4% 
(v/v) skimmed milk and incubated for one hour at 4''C 
on a rocker. After two washes with cold PK (done by 
rest«pending the cell pellet in 180 jil of PBS and a three 
minute centolfiigation at 3tt) g), Ae bound scFv were 
detected via their C-terminal myc-tag (Munro & Pelham, 
1986) using fl>e monoclonal antibody 9E10 and peroxi- 
dase conjugated anti-mouse Fc (Sigma). The diversi^ of 

EUSA positive clones was determined by ICR amplify- 
ing and DNA fingerprinting the scFv gene wilh BsfNl as 
descr&ed (Marks et al, Wil). Unique scFv 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 
pUC119mycHte (Schier et al, 1995) resulting in the 
addition of a hexahistidine tag at the C-terminal end of 
flie scFv. The scFv were purified firom periplasmic frac- 
tions of £. coli TGI by MAC (HochuU et al. 1988), using 
a Ni-NTA column (Qiagen), and ^\ filtration, as pub- 
lished (Schier et al, 1996b) except that fee running buffer 
after gel filtration was PM instead of hepes-buffered 
saline (HK) for cell culture applications. Alternatively, 
file scFv ^nes were PCR amplified using the primer 
LMB3 (Marks rf d., 1991) and fd-FLAG primeis before 
subdoning into pUC119mycHis, resulting in the addition 
of the flag tag at the N terminus of the scPv. 

Immunofluorescence 

Ceis were grown on coverslips to 50% of confluency 
in six well-plates and incubated with phage particles or 
purified scFv for two houre at 37 "C. The coverslips were 
w^hed six timra with FBS, thrM times for ten minutes 
with glydne buffer (50 mM glycine (pH 2.8), 5(X) mM 
NaCl), neutralized wifli PM and fixed with PK contain- 
ing 4% (w/v) paraformaldehyde for five minutes at RT. 
Cells were permeabUized with cold acetone for 30 
seconds, and saturated with ¥BB, 1% KA. Antibodies 
were dfluted with saturation solution. Intracellular 
phages were detected with biotinylated anti-M13 poly- 
donal antibody directed against tiie pVni major phage 
coat protein (5 Prime, 3 Prime Inc.) and streptavidin- 
Texas Red conjugate (Amereham) both diluted 300 times. 
totraceUular scFv were detected using the 9E10 mAb 
(1 Hg/ml) (Santa Cruz), an anti-mouse biotinylated anti- 
body (Amereham; diluted 200 times) and streptavidin- 
Texas Red. Coveislips were inverted on a slide on 
mounting medium and optical confocal sections were 
taken using a Bio-Rad MRC 1024 scanning laser confocal 
microscope. Immtmofluorescent microscopy was per- 
formed with a Zeiss Axioskop UV fluorescent micro- 
scope. 

Analysis of phage binding by flow cytometry 

Expeiimente were performed at 4°C. AHquots of 
imfXn cells resuspended in FACS buffer (PBS, 1 % FK) 
were distributed in corvical 96-well microtiter plates and 
incubated with 1(W nl 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 FBS washes, bound 
phage were detected by rwuspending the cell pellet in 
100 ml of Iriotinylated antt-M13 sheep antibody diluted 
MO times in FACS buffer (30 minutes). Cells were 
washed again and incubated with streptavidin-phyco- 
erithrine conjugated (PE) 0ackson) for 15 minute and 
analyzed using a FacScan (Becton Dickinson). For com- 
petition experimente, SICBR3 cdb were preincubated 
with various concentrations of soluble sd¥ or holo- 
fransferrin (Sigma) for one hour at 4 °C. Phage antibodies 
were added (titer between 10* and 5.0 x l(f chi per 
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well), incubated one hour at 4°C and bound phage 
detected as d^cribed above. 

Affinity measurament and epitope mapping wrtth 
ttie BIAcore 

On and off-rates were determined using SPR in a BIA- 
coreiroO, Approximately Mi RU of ErbB2 BCD were 
coupled to a CMS sensor chip as described (Schier, 
1995). AModation and dfesociation rates were measured 
under continuous flow of UBS at 15 nl/minute using 
concentrations ranging from 100 nM to 1200 nM and cal- 
culated using the BIAanalysis software. For epitope map- 
ping, mAb 4D5 was diluted to 10 ng/ml in 10 mM 
sodium acetate (pH 4.5), for direct immobilization of 
30)0 RU to the chip surface. 

AfHnlty measurement on cells 

SKOV3 cells were grown to 80-90% confluence in 
RPMI supplemented with 10% PCS. Cells were har- 
vested by trypsinization. &Fv were incubated with 
IxVP cells for two hours at varying concentrations. 
Cell binding was at room temperature in PBS containing 
1 % (w/v) WA and 0.1 % (w/v) sodium azide in a total 
volimie of 2(X) jil. After two washes in PBS/KA, bound 
scFv was delected with saturating amounte of FTTC- 
labded anti-FLAG done Ml (10 ng/ml). Ater 30 min- 
uta of incubation cells were washed twice and resus- 
pended in PBS containing 1% paraformaldehyde. 
Fluorescence was measured in a FACSort'^ and median 
fluorescence calculated tising flie Cellquest™* software 
and Kjj calculated (Benedict et d., 1997). 

Cell growth Inhibition assay 

A total of lO) Ml of 10= celb/ml were plated in 96-weIl 
plates. Four hours later, 100 fil 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 Immunopreclpltatlon using 
scFv antibodies 

SKBR3 cell extracts were prepared using 0.5 ml of 
lysis buffer (0.4% (v/v) NP«, 50 mM Tris (pH 7.4), 
IK) mM NaQ, 2 mM DTT, 1 mM P^F, aprotinin, leu- 
peptin) per confluent 10 cm plate. CeE lysates were run 
on a SEB-PAGl and transferred onto nitroceEidose 
membrane. Blots were incubated with scFv (10 jig/ml 
in pre, 0.05%, Tween 1% MA) overnight at 4°C. Blots 
were washed and scPv detected using 9E10 anti-myc tag 
antibody (0.1 |ig/ml) and HRP conjugated anti-mouse Ig 
(Ameraham). For immunoprecipitation, a dialyzed peri- 
plasmic fraction containing flie scPv from a MO ml cul- 
ture of E cott TGI was loaded onto 5(W M1 of a Ni-NTA 
agarose column. The beads were washed once wifli FK, 
35 mM imidazole. Then 100 pi of the scFv-loaded Ni- 
NTA agarose (50% slurry) was used to immunopredpi- 
tate 0.5 ml of SBCBR3 cell extract. Immunopredpilates 
were analyzed by Western blotting using scFv-F5 or 
scFv-H7, anti-ErbB2 (Santa Cruz) or anti-himitan transfer- 
rin receptor (TfR) H68.4 mAb (White et at, 1992) (a gift 
from Keith Mostov, UCSF). Alternatively, the cell surface 
was biotinylated prior to cell lysis and immunopredpita- 
tion. Cells (from a 10 cm diameter confluent plate) were 

washed twice with cold ¥B6 and incubated with 3 ml of 
a 0.1 mg/ml solution of Sulfo-NlB-LC-biotin (Pierce) 
freshly dissolved in PBS containing 0.1 mM CaClj and 
1 mM M^2 at 4''C for 20 minutes. The reaction was 
quenched by two washes with cold ITO, M mM glydne. 
After a final wash with PBS, cells were lysed with 0.5 ml 
of lysk buffer. Immunopredpitation was performed as 
described above and analyzed by Western blot using 
HKP-conjugated streptavidin. 

Purlfloatlon of antigen using scFv antibodies 

A total of 200 (il 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 1(K) jd 
of Laemli loading buffer 4 x . The immunopredpitate 
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 celb grown in 6 cm diameter 
plates were serum starved overnight and stimulated 
wifli antibodies for five minutes or one hour and lyzed 
in MX) id of lysis btiffer complemented with sodium 
orthovanadate. The BibB2 phosphorylation level was 
analyzed by Western blot using the anli-phosphotyrosine 
mAb 4G10 (UBI) and HRP-conjugated anti-mouse I^ 
(Amersham). ErbB2 levels were diecked with the anti- 
ErbB2 C-18 rabbit polydonal 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 teigeted cancer therapies require endocytosis of the targetmg 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 previomly developed a 
method to directly select phage antibodies for intemalization by recovering infectious phage torn the cytoplasm of the target cell. Using fliis 
methodology, we reported the selection of a panel of scFv that wei« internalized into brewt cancer cells ftom a nonimmune phage library. For 
this work, an immunothetapeutic was generated ftom one of these scFv (F5), which bound to EibB2 (HEm/neu). The F5 scFv WM 
reengineered with a C-terminal cysteine, expressed at high levels in Escherichia coli, and coupled to sterically stabilized liposomes. F5 anti- 
BAB2 immunoliposomes were immunoieactive as determmed by surface ptomon resonance (SPR) and were avidly internalized by ErbB2- 
expressmg tomor cell lines in proportion to the levels of ErbB2 expression. F5-scFv targeted liposomes containing doxorubicin had antitumor 
activity and produced significant reduction in tumor size in xenografted mice compared to nonta^eted liposomes containmg doxorubicin. 
This strate^ should be applicable to generate immunotherapeutics for other malignancies by selecting phage antibodies for intemalization 
into other tumor types and using the scFv to target liposomes or other nanoparticles. 
© 2002 Elsevier Science B.V. All rights r^erved 

Keywords: famunoliposome; toniunotherapr. Receptor mediated endocytosis; EibB2; Phage antibody libraiy; Single chain Fv; scFv; Tumor targeting 

1. Introduction 

Many targeted therapeutic approaches to cancer require 
endocytosis of the taif eting molecule and delivery of the 
therapeutic agent to flie interior of the tumor cell. Such drug 
targeting strategies rely on the use of ligands capable of 
binding to tonor cell surface receptors in a manner that 
ttiggers receptor endocytosis. Antibodies have been suc- 
cessfully used as surrogate receptor ligands for intracellular 
targeting of toxins [1], liposomes [2], drugs and DNA [3]. 
Currently, antibodies that trigger intemalization are identi- 
fied by screening antibodies derived by either hybridoma or 
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Tel.: +1-415-206-3256; &x: +I-41S-206-3253. 
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phage antibody technolo^ [4], This usually involves gen- 
erating and examining antibodies recognizing specific tar- 
gets. While such approaches may take the biology of flie 
target receptor into account, they do not necessarily select 
for the requisite biology of the antibody, triggering receptor 
endocytosis. This limite the availabiUty of usefiil targeting 
antibodies, since many surfece receptore do not undergo 
endocytosis and for those that do, the efiBciency with which 
an antibody mediates intemali2ation can vary significantly 
depending on the epitope recognized [5,6]. 

We recently developed a strategy to directly select 
internalizing antibodies fixjm phage libraries by recovering 
infectious phage bam within a target cell line [7]. The 
technique was applied to select a panel of antibodies fix)m a 
naive phage library [8] that were specifically endocytosed 
into the breast tumor cell line SK-BR-3 [9], Upon fiirther 
characteri2ation, two of the antibodies (FS and Cl) were 

0167-48S9/024 - see font matter © 2002 Elsevier Science B.V. All rights reserved. 
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identified as binding ErbB2, a growth factor leceptor over- 
expressed in 20-30% of human breast carcinomas as well 
as other adenocarcinom^. In this work, we demonstrate 
how such scFv antibodies can be used to construct a targeted 
drag 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 imtar- 
geted doxorabicin-containing Hposomes, This strata^ of 
selecting internalizing antibodies fi-om phage libraries and 
coiKtraction of immunoliposomes provides a generic, rapid 
and fecUe route for making targeted therapeutics for many 
types of tumors. 

2. Methods 

2.1. Construction of egression vector pELK 

A ftagment containing the pelB leader and cloning sitra 
fi-om vector pUC119mycHis [10] was amplified using 
stondanl PCR conditions. Primers were designed to append 
a 5'Mai site and a 3' Sail site for cloning into pETOa 
(Promega). The alkaline phosphatese promoter (PhoA) fi-om 
Escherichia coli was then cloned 3S an EcdBllXbal fiag- 
ment yielding the pELK expression vector. 

2.2. FS scFv expression 

A C-terminal cysteine followed by a stop codon w^ 
added to the F5 scFv by PCR using primere Q4C-Notl (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 NcoVNoil sites of 
vector pELK. ScFv was expressed fi-om E. colt 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 ofFS scFv to maleimide-PEG-DSPE 

F5 scFv was reduced on a thiol-reducing colunm (Reduc- 
elmm. Pierce) according to the manufacturera' instractions, 
except guanidine was omitted ftom the ranning buffer and 
reduction time was 30 min at room temperature. Alterna- 
tively, F5 scFv WM 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 h, and isolated by 
passage through a desalting column (PD-10, Pharmacia). 
The number of fi«e thiol groups per molecule was deter- 
mined with Ellman's reagent m described by flie manufac- 

turer (Pierce). The reduced scFv was incubated overnight at 
4 "C with maleimido-PEGaooo-^iistearoyl-phosphatidyletha- 
nolamine (Avanti Polar Lipids) in 144 mM NaCl aqueoiK 
buffer at pH 6.5-7.5 at a protein/linker molar ratio of 1:4. 
The amounte 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 jiCi of "*I using lodoBeads 
(Pierce) m described by the manufacturer. 

2.4. '^^I-labelling and intemalization study 

Purified F5 scFv was labeled with '^*I as above and 
incubated (10 ng/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 (HESS; Gibco) without phenol re4 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 mmol/kg with NaCl). Cells were lysed in 
0.1% Triton-100 and internalized and cell surface Msociated 
radioactivity me^ured 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 fi-om 1- 
palmitoyl-2-oleoyl-phosphatidylcholine (POPC), choles- 
terol, and medioxy-poly(ethylene glycol ^.W. 2000)-dis- 
tearoylphosphatidylethanolamine (PEG2000-DSPE) (3:2:0.3 
molar ratio) (all fiom Avanti Polar Lipids) by lipid fihn 
hydration in a solution containing membrane-impervious 
fluorescent marker, followed by extrasion through track- 
etehed polycarbonate membranes with pore size 100 nm [2]. 
For intemalization studies, the solution contained pH-sensi- 
tive marker trisodium 8-hydroxypyrene-l,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 eflBcacy studies, Doxil (Alza Corp.) 
obtained commercially was used for immunoliposome for- 
mation. Doxil contains unilamellar liposomes (70-90 rmi) 
composed of hydrogenated soy phosphatidylcholine, cho- 
lesterol, and PEG2000-DSPE (3:1:0.3 by mass) and doxor- 
ubicin (0.15 mg/nmol of phospholipid) encapsulated into 
the liposomes by an ammonium sulfate gradient method 
[14,15]. 

Immunoliposomes were formed by overnight incubation 
of tiie 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 firom the gel and recovered in the 
void volume fraction. Separation of micelles fejm lip- 
osomes was confirmed as follows: 0.5 ml of F5-PEG-DSPE 
(1.6 mg/ml protein) or 0.5 ml of doxorubicin liposome 
(Etoxil) diluted to 0.2 mg/ml of doxonibicin 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 (Pharma;ia Amereham) 
and eluted with HBS. Fractions (0,5 ml) were collected and 
spectrophotomettically analyzed for F5 protein (absorbance 
at 280 nm) or doxorubicin (absorbance at 485 nm). 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 fractiom was 
>97%. To afford quantification of liposome-linked F5, the 
protein was labeled with '^% purified by gel chromatog- 
raphy, reduced, and finally conjugated to maleinrido-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 fix>m Morrison [16], Doxor- 
ubicin in the Uposome and immunoliposome preparation 
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 immimoliposomes wm determined by 
SPR in a BIAcorelOOO instalment (BIAcore Inc.). Approx- 
imately 3000 RU of ErbB2 BCD were coupled to a CMS 
sensor chip (BIAcore) as described [10] and binding rates 
were measured under continuous flow of 15 nL/min. 
Immunoliposomes were injected at a concentration of 50 
jiM phospholipid. To determine the kinetics of immunoli- 
posome binding to ErbB2, serial dilutions of recombinant 
ECD were incubated with 50 jiM immunoliposomes for 1 h 
prior to binding analysis. Binding activity wm determined 
from a lincM 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 Hg/ml). 
containing a vereion 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 intemal- 
ization, immunoliposomes containing HPTS were incubated 
at 200 nM 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 
fi»m the fluorescence at isosbestic point (414 nm), and the 
amount of endocytosed liposomes was determined fiom 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 (iM phospholipid) were incubated 
with SK-BR-3 cells for 2 h at 37 °C in complete media 
along with 5 |ig/ml of tetramethykhodamine-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, tamor xenografts were raised sub- 
cutaneously (s.c) in 5-week-old female homo^gous 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 fixjm 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 10' BT474M1 cells in 0.1 ml of the growth medium. 
Two days prior to inoculation, a 60-day sustained release 
17p-estradiol pellet (0.72 mg; bmovative Research of Amer- 
ica) was implanted s.c. near the base of the tail [22]. When 
tumor xenografts had become fliUy established (300-400 
mm^), the mice were randomly assigned to treatment groups 
of 15 animals per group. F5-immunoliposomaI doxorubicin 
or liposomal doxorubicin (Doxil) were administered intra- 
venously at 5 mg doxorabicin/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 Mckness of the tumor and expressed as the mean 
for each group (mm' ± S.E,). Statistical significance of the 
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differences between tumor sizes among the groups was        protein wm more than 90% pure as judged by SDS-PAGE 
determined by Student's Mest. (Fig. 1). 

3. Results 

3.1. Isolation of tumor-specific scFv antibodies by selection 
for intemalization 

A naive scFv phage antibody library containing 7 x lO' 
members [8] was selected for endocytosis into SK-BR-3 
tumor cells [7,9]. In this selection strategy, the phage anti- 
body library WM allowed to bind to the cell surfece of live 
SK-BR-3 cells at 4 °C, imbound phage was removed by 
washing and cells were subsequently incubated at 37 °C for 
15 min to allow intemalization of the phage. Phage remam- 
ing on the cell surface were removed with acid washes and 
internalized phage recovered by infection of the cell lysate 
into E. coll. 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 
intemaUzed into SK-BR-3 cells. One of these antibodies, 
F5, was shown to recognize the extracellular domain pCD) 
of ErbB2 with a ^D of 160 nM and was efficiently 
endocytosed into SK-BR-3 cells as phage and 3& purified 
monomeric F5 scFv [9]. 

3.2. Kinetics of intemalization into tumor cells 

The kinetics of intemalization into live SK-BR-3 tumor 
cells overexpressing BrbB2 was investigated using F5 scFv 
labeled with "*I. FoUowing incubation fi»m 0 to 90 min, 
cell sur&ce-bound antibody fragments were stripped with 
low pH glycine buffer and the fraction of intemalized and 
cell surfece bound antibody determined by measuring radio- 
activity. A plot of time versus the amount of intemaUzed 
antibody fragment allowed determination of the rate of 
intemalization (results not shown). The intemalization 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 m a convenient and 
unique site for conjugation to a drag deUveiy 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 flie pET9 promoter. 
The scFv containing the C-tenninal cysteine expressed at 
high levels (>20 mg/1) by fermentation in E. coli. The F5 
scFv sequence belongs to the VnS-gene femily of which 
approximately 50% bind protein A [23]. This was flie cam 
for the F5 scFv, allowing for a one-step affinity purification 
on immobilized protein A, following which ibe recombinant 

3.4. Conjugation of the F5 scFv to a lipid linker and 
formulation 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 hposome 
surface [24]. However, constraction of immunoliposomes 
by membrane capture of amphipathic antibody-PEG con- 
jugates into preformed liposomes offers a new and efficient 
method of immunoliposome constraction [25,26]. 
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Fig, 1. SDS-PAGE analysis of F5 scFv purification, reduction, and coupling 
to maleimide-PEG-DSPB and analyses of F5-PEG-DSPE insertion into 
liposomes. (A) I.ane 1: F5 scFv purified using protein A chromatography; 
lane 2: protein A-purified F5 scFv after 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 immunoliposomes by 
gel filtration on Sephawse 4B. (B) F5-PEG-DSPE or doxorubicin liposome 
(Doxil) were applied onto a Sepharose 4B column and eluted witli HBS. 
Fractions were collected and specttophotometrically analyzed for F5 
protein (absorbance at 280 nm) or doxorobicin (absorbance at 485 nm). Tlie 
amounts of F5 or doxorubicin per fiactions were expressed as percent of 
total applied. The arrow marks the column total volume (fj). 



U.B. Nieben et al. /Biochimtca et Biophy&ica Acta 1591 (2002) 109-118 113 

Initial preparations of the F5 scFv contained approxi- 
nately 0.1 ftee thiol groups per molecule md existed as a 
mixture of monomers and covalent dimers (Fig. 1, lane 1). 
Therefore, this protein was reduced to make the thiol group 
of die C-terminal cysteine available for conjugation. Fol- 
lowing elution fom a thiol-ieducing column, or by treat- 
ment with cysteamine hydrochloride at pH 6.0, a majori^ of 
flie dimer was reduced to the monomeric form (Fig. 1, lane 
2), resulting in 0,7-1,2 ftee thiol groups per molecule for 
conjugation to an amphipathic linker, iV-(aj-(iV-maleimido> 
poly(ethylene glycol)2000-a-oxycarbonyl-distearoyl phos- 
phatidylethanolamine (PEG2000-DSPE). Coupling of the 
reduced protein to the PEG2000-DSPE linker increases the 
apparent molecular size of the scFv by approximately 3 
kDa, so flie reaction could be monitored by SDS-PAGE 
(Fig. 1, lane 3), The coupling reaction routinely yields 75- 
95% of scFv coupled to PEG2000-DSPE, preserving >80% 
of immunoieactivity m determined by BIAcore 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, iMie 3) suggests that 
despite the presence of additional scFv cysteines involved in 
intramolecular V-domain disulfide bonds, the reduction 
conditions were specific to the Mol group engineered onto 
the C-terminus of the scFv, thus providing the single attach- 
ment site to PEG2000-DSPE, 

Upon incubation of antibody-PEG-DSPE conjugates 
with preformed liposomes, the hydrophobic DSPE domain 
spontaneously incorporates iteelf into flie liposome lipid 
bilayer, thus "tethering" the antibody ligand to the liposome 
surfece [25,26], Incubation of scFv-PEG-DSPE conjugate 
with commercial Uposomal 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 PEG2000- 
DSPE (3:2:0,3 molar ratio), which have lipid bilayeis 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% (resulte not shown), SDS-PAGE analysis confirmed 
efficient incorporation of F5 conjugate into the liposomes 
and complete removal of aU 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 S^harose 4B column WM de- 
termined by spectrophotometrical analyses of the fiactions 
and showed that the conjugate and the liposomes are re- 
solved pg. IB), 

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

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

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

The equilibrium binding constant (^o) for the scFv 
antibody binding to the ErbB2 BCD vim also determined 
by SPR. Following incubation of F5-unmunoliposomes 
with varying amounts of soluble extracellular domain of 
ErbB2, the binding concentration wm determined by SPR, 
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Fig. 2. Effect of scFy density on the binding of immunoliposomes to ErbB2 
and on the uptake by SK-BR-3 calls. (A) Effect of scFv density on 
immunoliposome binding to the EibB2 extracellular domain as determined 
by SPR. Immunoliposomes weie fonned by incorporation of varying 
amounts of scFv-PEG-DSPE conjugate into preformed 100 nm POPC/ 
cholesteiol/PEG-DSPE liposomes jmd analyzed in a BIAcore IMO instru- 
ment. MeMurements were made at an immunoliposome concentration of 50 
l»M of liposome phospholipid. (B) Effect of scFv densi^ on the total uptake 
of anti-ErbB2 immunoliposomes by SK-BR-3 cells. Imnmnoliposomes were 
incubated with the cells at 100-fold excess over total cellular EibB2 receptors 
for 12 h and concentration of 50 (iM 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 fa directly proportional to flie concentra- 
tion, the K^ can be determined by fitting the data as 
described [27,28]. The ^D for the monovalent binding of 
F5 scFv conjugated to the liposome (Xo=lllnM) is in 
close agreement with the 160 nM K^ value of soluble, 
unconjugated F5 scFv for ErbB2, also determined by SPR, 
indicating that conjugation to the liposome does not sig- 
nificmtly affect the monovalent interaction with the antigen. 
Varying the density of scFv fiagments on the liposome 
surfece 6om 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). 
IncrcMing the number of scFv fi-om 30 to 100 per liposome 
did not increase uptake further (Fig. 2B). This result is 
comparable to oiu- previously reported result (approximately 
40 Fab'/liposome) for the trastoizumab-Fab'-conjugated lip- 
osomes [2] as well as with the findings of Maruymna et al. 
[29] showing that 30 IgO molecules per liposome are 
optimal for tumor cell uptake. 

3.6. Spedfldty of FS-immunoliposome uptake into 
ErbB2-expressing tumor cells 

To investigate the dependence and specificity of FS- 
immunoliposome uptake on ErbB2 cellulffl- expression, total 
cellular uptake WM determined for a number of tamor 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-immunoUpo- 
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) WM two to 
three orders of magnitude below that of ErbB2-overexpress- 
ing cell Unes (MCF7/HER2, BT474, SK-OV-3, and SK-BR- 
3). The specificity of the F5 immimoliposome uptake is 
flirther exemplified by its uptake into the ErbB2-teansfected 
and overexpressing MCF7/HER2 cells. The transfected 
MCF7/HER2 subline takes up two ordera of magnitude 
more of the F5 immunoliposomes than the parental MCF7 
ceUs 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 F5 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 EibB2 traiKcript in SK-OV-3 cells [30]. 
Excess extracellular domain encoded by this alternative 
tramcript, which confers resistance to tiMtuzumab (Hercep- 
tin) when transfected into sensitive cell lines, is sequestered 
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Fig. 3. Effect of cell surfece ErbB2 expression as detennined by flow 
cytometry on the total cellular uptake of anti-Eri)B2 immunoliposomes. (A) 
Total uptake of F5 immunoliposomes after 12 h of incubation. (B) ErbB2 
expression level as determined by flow cytomehy wifli the F5 scFv detected 
by anti-FLAO FTTC. Error bars represent the standard deviation of triplicate 
experiments. 

in the perinuclear Golgi and may interfere with endocytosis 
of surfece membrane, fiill-length, ErbB2 [30]. 

5,7. Cdl intemalization and endosomal accumulation of 
F5-immunoliposomes 

For fluorescence microscopy studies of the celb with F5- 
immunoliposomes, where flie marker sensitivity to pH was 
undesirable, BODIPY-disulfonate (BODIPY-DS) was sub- 
stitoted 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 flie cells (Fig. 4A). Unlike ttastu- 
zumab-Fab'-containing immunoliposomes [2], F5-immuno- 
liposomes did not co-localize with tramferrin 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 EAB2- 
overexpiessing tumor cells. (A) tamunofluorescence analysis of F5- 
Kposomes loaded with BODIPY (yellow/green) and tiansferrin-tettame- 
thylrhodamine (red) after 2 h of co-intemalization into SK-BR-3 cells. (B) 
Kinetics of miti-ErbB2 immunoliposomes uptake by SK-BR-3 cells at 200 
HM of liposome phospholipid. Depicted are the internalized ftaction (closed 
circles) and surfece bound fiaction (closed triangles). 

in a late endosomal compartment. The kinetics of intemal- 
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 teee-fold 
higher than the intemalization rate determined for the 
unconjugated scFv (0.0056 min~'). A similar correlation 
has been reported for liposomes conjugated with teansferrin 
[31]. 
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Fig. 5. Efficacy of anti-EtbB2 inrnninoliposomes in a human EibB2- 
oveiexpressing breast cancer model. (A) Anti-EibB2 immunoliposome- 
Doxil containing the F5 scFv (triangles) were administered i.v. on days 18, 
25, and 32 (arrows) at a total doxorabicin dose of 15 mg/kg as indicated in 
the text The conteol tteatment group was treated with Doxil at the same 
doxorobicin dose (circles). (B) Anti-EibB2 immnnoHposome-Doxil con- 
tojning flie F5 scFv (triangles) adnunistered on days 21,28, and 35 (arrows, 
same dose as above) are compared to control (PBS) treatment (open 
circles). Data represent mean tumor volumes; nmi' ± S.E. 

3.8. In vivo efficacy of doxorubicin delivered by 
FS-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 doxorabicin-loaded F5-immunoliposomes 
derived ftom a conunercial preparation of sterically stabi- 
lized liposoiml doxorubicin (Doxil) with that of parental 
(nontai^eted) Doxil. In animals with laige (350-400 mm^) 
subcutaneous tumors, three weekly i.v. injections of F5- 
immunoliposomal doxorubicin (5 mg/kg) produced substan- 
tial tamor regressions (Fig. 5A), After the second and third 
treatments, tumor regressions in die F5 targeted group were 
significantly superior to nontargeted Doxil (P=0.001 by 
two-tailed nonpaired Student's Mest) 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, immimoliposomes, antibody-drag con- 
jugates and antibody targeted gene delivery (reviewed in 
Re£ [33]). Since the efficiency of antibody-mediated endo- 
cytosis varies considerably depending on the antigen and 
epitope recognized [34,35], it typically 1^ been necessary 
to screen for antibodies capable of mediating cell intemal- 
ization by individual labeling of antibodies or antibody 
fiagmente. We recently developed a method to directly 
select internalizing antibodies ftom phage libraries [7] by 
panning on a target cell line. Selection is not directed at a 
specific ceU surface receptor, but rather the panel of recep- 
tors capable of intemalization. Using this approach, a panel 
of antibodies were selected flom 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 contraction of the antibody-targeted therapeutic 
agent, we selected flie F5 scFv that binds the ErbB2 growth 
factor receptor tyrosine kin^e. ErbB2 (HEB2/neu) is a 
protooncogene, which is overexpressed in 20-30% of 
human bre^t carcinomas as well m in gMtric, lung, colon, 
ovarian and pancreatic adenocarcinomas (for review, see 
Ref. [36]). ErbB2 represents a therapeutic target for anti- 
body-mediated dmg delivery m it undergoes endocytosis in 
response to antibodies binding certain extracellular epitopes 
[2,6,35]. In addition, the clinical relevance of ErbB2 as a 
cancer target h^ been validated by the recent FDA approval 
of the anti-ErbB2 antibody ti^tuzumab for breast cancer 
therapy. 

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

increases dieir circulation time due to increased resistance to 
clearance by the mononuclear phagocyte system (MPS), 
thus facilitating selective extravasation in solid tumors 
[38,39]. The sterically stabihzed liposomes do not directly 
enter the tumor cells but accumulate within the tumor in- 
terstitium where the drag 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-EAB2 immimoliposomes containing doxorabi- 
cin and targeted by the Fab' fiagment of trastuzumab are 
endocytosed by ErbB2-expressing cells and have shown 
greater therapeutic efficacy against ErbB2-overexpressing 
xenografts than Uposomal doxorabicin in the absence of 
targeting, although targetmg does not increase the overall 
tamor uptake of liposomal drag [2,41]. The degree of be- 
nefit flom liposomal targeting appears to depend to some 
extent on the degree of cellular intemalization of the immu- 
noliposome upon receptor binding. Likewise, lack of immu- 
noliposome intemalization 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 intemalization, the F5 scFv was engineered for 
coupling to liposomes. A C-terminal cysteine was engineered 
into the F5 scFv molecide and a high level expression vector 
constructed using the phoA promoter and kanamycin resist- 
ance. The resulting expression system is ti^tly regulated, 
easily scalable to larger fermentation vessels, and uses a 
resistance marker compatible with clinical good manufactur- 
ing practice (cGMP). Since the F5 scFv contains a VH gene 
derived fi-om the human VH3 femily, it binds protein A. This 
allows the elimination of epitope togs fiequently used for 
purification, such as hexahistidine, which could pose a 
regulatory hurdle. These vector and scFv gene modifications 
were incorporated to fecilitate plurmaceutical production of 
F5 immunoliposomes and ensure the possibility of flitare 
clinical translation. 

F5 scFv coupling to prefabricated liposomes first 
required its conjugation via the engineered C-terminal 
cysteine's fi^ee tUol to the maleimide group formed at the 
&ee end of a PEG-DSFE linker. Use of a PEG linker 
prevente neighboring liposomal PEG molecules fiom inter- 
fering with antibody binding of the cell surface receptor [2]; 
thiK, the affinity of the liposome-conjugated F5 was essen- 
tially equal to that of the free scFv. Such diiol-reactive 
PEG-Hpid linkers previously have been applied to con- 
sfruct liposomes with conjugated Fab' ftagments [2] and 
whole antibodies [29,46,47]. The presence of hydrophihc 
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 resulte in 
the captare of scFv-linker conjugate into preformed Up- 
osomes by simple mixing. This afforded a single-step 
conversion of commercial doxorabicin-loaded liposomes 
into anti-ErbB2 immunoliposomes with high yield (75- 
90%), 
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In vitro, ErbB2-overexpressing cells showed specific 
uptAe of FS-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 inununoliposomes. 
However, F5 inununoliposomes did not co-localize with 
transfemn. Rather, the F5 immunoliposomes appeared to 
localize into a perinuclear compartment consistent wifli the 
late endosomes. 

The F5 scFv is of entirely human origin, Thk 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 immimoliposomes may also lead to an 
increased HAMA response compared to bee antibody due 
to enhanced immunogenicity from uptake of antibody 
coated liposomes into reticulendolhelial cells. This could 
lemU in incre^ed opsonization and uptake into macro- 
phages and comequently a shorter circulation time [48]. 
Immunogenicity should be less for completely human anti- 
body fragments. In addition, flie 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 patiente freated 
with trashizimiab, especially when administered along with 
doxorubicin [50], 

In siunmary, 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 intemalization 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 (cGMP) manufecttire. 
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 cGMF 
manufactaing. Using the membrane capture system, a single 
bateh of cGMP antibody could be used to target liposomes 
carrying other anticancer pharmaceuticak or the scFv anti- 
body may be coupled to other nanoparticle delivery systenB, 
toxiiB or drugs using the conjugation chemistry described 
here. 
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Alwtract 

The first step in developing a targeted cancer therapeutic is generating a ligand that binds to a leceptor which is eiflier 
tumor specific or sufficiently overexpiessed in tumors to provide targeting specificity. For this work, we generated human 
monoclonal antibodies to Ihe EGF receptor (EGFR), an antigen overexpressed on many solid tumore. Single chain Fv (scFv) 
antibody fragments were directly selected by panning a phage display library on tamor cells (A431) overexprcssing EGFR or 
Chinese han^ter ovary cells (CHO/EGFR cells) transfected with the KiFR 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. AU 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 antibalies binding native cell surface receptors can be duecfly selected on 
overexprcssing ceU lines or transfected cells. Use of a transfected cell line allows selection of antibodies to native receptore 
witiiout tiie need for protein expression and purification, signiflcanfly speeding flie generation of targeting antibodies to 
genomic sequences. EJepending upon the format used, the antibodies can be used to deliver molecules to die cell surface or 
intracellularly.   © 2(X)I Elsevier Science B,V, All rights iraerved. 

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

1. Introduction 

Traditional cancer therapies have relied on the 
differential toxicity of chemotheraputic agents on 
toimor cells compared to normal cells. Recently, 

*Conraponding author. 
E-mail address: marksj@anesthesia.ucsf.edu (J.D, Marks). 

improved understanding of the molecular basis of 
cancer makes possible the development of therapies 
with incre^ed efficacy and reduced toxicity. Studies 
of tumorigenesis have identified cell surf«;e recep- 
tors which are either tumor or lineage specific, such 
as CD20 (Einfeld et al., 1988) and mutant forms of 
epidermal growth factor receptor (EGFR) (Garcia de 
Palazzo et al., 1993) or receptore which are over- 
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expressed in tumors, such as ErbB2 (Slamon et al., 
1989). Such receptors can be torgeted 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, 
ftisions 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 ^ 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 successM selections performed on 
such heterogeneous material were generally done 
using small libraries from immimized sources. The 
use of immunized libraries limits the specttum 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; Wattere 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 tliis 
methodology to generate a panel of anti-tumor 
antibodies which were endocytosed into the breast 
tumor cell fine SJIBR3 as weD a& other tumor cells 
(Poul et al., 2(X)0), 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 ceUs 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 cells. For selections, two cell lines were 
used as the som^e of antigen: a transfected Chinese 
hamster ovary cell (CHO/EGFR) and EGFR-over- 
expressing cancer ceD line A431. The results indicate 
the generaUty of the approach and its usefiilness in 
generating antibodies to known receptors in the 
absence of purified recombinant protein. 

2. Materiab 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) w^ 
grown in non-selective F12 complete media sup- 
plemented with 10% FCS. A431 ceDs 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 COj. All other cell lines were grown at 
37°C in the presence of 5% CO2. 
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2.2, Phage antibody selections 

2.2.1. Selections on CHOIEGFR cell monolayer 
CHO/EGFR ceUs grown on a 10-cm plate at 

80-90% confluence were incubated with 1 ml of 
phage antibody library (5X10" cfii/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 
wei« used to deplete the library of non-specific 
clones. The supernatant was aspirated and cells were 
w^hed six times in cold complete media for 10 min 
per wash. Receptor intemalization was induced by 
addition of pre-warmed (37°C) complete media and 
incubation at 37°C, 5% COj for 15 min. This time 
period h^ been shown to be appropriate for the 
observation of EGFR intemaliEation (Vieira et al,, 
1996). After intemalization, 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 A°C. Immobilized cells were washed 
IX in complete media. The internalized phage were 
recovered by removing cells in trypsin and washing 
in complete media. Cells were pelleted by centrifti- 
gation at 1(X)0 rpm, lysed in 0,5 ml 100 mM 
triethylamine (TEA) for 10 min and neutralized in 1 
ml 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% PCS) for 1 h rocking at 4°C. Fibrobtot cells 
were pelleted by centrifugation at 1(XX) 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 intemalization. Non- 
intemalized 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 TGI (Marks et al., 1991). 
Phage were prepared for the next round of selection 
by infection of E. coli TGI with eluted phage and 
rescue with VCS-M13 (Stratagene) helper phage m 
previously described (Marks et al,, 1991), After 
overnight growth at 30°C, phage were purified and 
concentrated from bacterial supernatant with poly- 
ethylene glycol 800) (PEG8000) (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 (EUSA) 

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 jtg/ml of EGFR-ECD in PBS. 
Plates were washed three times with PBS and 50 jjil 
of 1,0X10" cfii/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 (Amei«ham- 
Pharmacia) diluted 1:10TO m 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 «;tivated ceU sorting 
(FACS) analysis. EGFR expressing ceU lines MDA- 
MB-468 and CHO/KiFR 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 BDTA-PBS. Cells 
were counted and washed once in cold PBS and 
twice in FACS buffer [cold 0,5% bovine serum 
albumin (BSA) (fiction V. Sigma)-PBS]. Cells were 
placed in FACS tubes (1(K)0(M) cells/well) and 
incubated with polyclonal phage (50 pJ/lO" cfu/ 
ml) for an hour on ice. Cells were washed twice in 
FACS buffer and incubated with a-M13-biotin 
(Amersham-Pharmacia, 1:5(MX) dilution) for 30 min 
on ice. Cells were washed twice in FACS buffer and 
incubated with streptavidin-PE (Biosource Intema- 
tional, 1:1(X)0 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 mormclonal 
EGFR antibodies 

To facilitate subsequent purification of soluble 
smgle chain Fv (scFv), the polyclonal scFv gene 
population from the third round of selection was 
subcloned in batch mto the expression vector 
pUC119mycffis (Schier et al., 1995) resulting in the 
addition of a c-myc epitope tag and hexahistidine tag 
at the C-temiinus of the scFv, Briefly, phagemid 
DNA was prepared from the third round of selection, 
the scFv genes excised using the restriction enzymes 
^1 and Notl, and the gene repertoire gel purified 
and ligated into pUC119mycHis digested with ^1 
andiVdrl. After transformation ofE. coll TGI, 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 p,g/ml EGFR-TCD in PBS 
overnight at 4°C, Plates were incubated with bacteri- 
al supematants 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 
ffliti-mouse-horseradish peroxidase (HRP) (Sigma) 

for 30 min m 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 5(X)-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 piuified by immobilized metal affinity 
chromatography (Hochuli, 1988) using a Ni-NTA 
column (Qiagen) and gel filtration, m previously 
described (Schier et al., 1996). 

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

A 1-ml (1 mg) volume of E12 scFv w^ 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 intemali- 

zation was obtained by confocal microscopy. Cells 
were grown on coverelips in 24-well plates and at 
80% confluence were incubated with phage antibody 
(lO"* cfu/ml, in fresh complete media) for 2 h at 
37°C, Plates were placed on ice to halt receptor 
intemalization and the coverslips washed 10 times in 
cold PBS (1 nd per wash). Cells were then washed 
fliree 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, CeDs were w^hed twice in cold 
PBS, fixed in 4% paraformaldehyde for 10 min at 
nmm temperature and then permeabilized in cold 
methanol for 10 min at room temperature, Coverslips 
were incubated with a-M13-biotin (5'-3', 1:20(X) 
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, 1:1(X)0 dilution) for 30 min while followed 
by two washes in complete media. Coverelips were 
mounted on microscope slides and 2-3 jtl Vec- 
torahield (Vector Laboratories) was applied to each 
coverslip to preserve fluoi«scence upon irradiation. 

2.8.2. live cells 
scFv-mediated intemalization of FITC-labeled 

soluble-native scFv (IM (tg/ml) or fluorescent 
immimoliposomes w^ measured on live cells grown 
on coverslips. E12 scFv immunoliposomes were 
constracted 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 1(X> (i,g/ 
ml HTC-labeled (0,5 ml volume) or unlabeled scFv 
or with 10 |juM immunoliposomes for 2 h. Cells were 
washed with PBS, covereHps removed and mounted 
onto microscope slides for imaging. Images were 
collected immediately using a I^ica TCS NT con- 
focal laser fluorescence microscope with digital 
camera (Leica, Deerfield, E., 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 
I^ibovitz (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 (iM), Cell 
binding was performed on ice in PBS containing 
0,25% BSA in a total volume of 100 (jil. After two 
washes in PBS-BSA (250 (i,l), cells were incubated 
with saturating amounts of anti-myc 9E10 for 30 min 
followed by two washes in PBS-BSA, Bound scFv 
w^ detected by staining with saturating amounts of 
anti-mouse FITC, Fc specific (1:2M 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. Resulte 

3.1. Selection of EGFR antibodies 

For selections, phage were prepared from a 7,0X 
lO' member human scFv phage antibody library 
(Sheets et al., 1998). To generate antil>odies 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 
receptore 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 intemalization 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 receptore by incubation with fibroblast cells. 
After 1 h at 4°C, the fibroblast cells were removed 
by centtifugation and the phage added to A431 cells 
in suspension at 4°C to allow binding followed by 
incubation at 37°C to allow phage intemalization. 
After phage endocytosis, cells were extensively 
washed and then lysed with TEA. The cell lysate 
containing the intemalized phage was used to infect 
E. coli to prepare phage for the next round of 
selection. Tliree 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 bofli A431 and CHO/EGFR ceUs, 
the titer of phage recovered increased witii 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 

Rl 
R2 
R3 

A431 

Phage liter 
(cfu) 

1X10* 
8X10^ 
8X10* 

Frequency of positives 

ND 
ND 
10/94 

CHO/EOFR 

Phage titer 
(cfu) 

2X10' 
8X10* 
5X10* 

Frequency of positives 

ND 
ND 
4/282 

analyzed for binding to recombinant EGFR-ECD by 
ELISA (Fig. 1). A signal significantly greater than 
background binding w^ observed after three rounds 
of selection on both A431 and CHO/EGFR cells 
(Fig. 1). No significant binding above ba;kground 
was observed after one or two rounds of selection on 
either cell type. Binding of polyclonal phage from 
the thiid 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 
Ime 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 

A431 selections 

Fig, 1, Buiding of polyclonal phage to recombinant EGFR as 
determined by ELISA. Hiage was prepared fi»m the first, second 
and third round of selections and analyzed for bindmg to 
recombinant EGFR by ELISA, After the thinl round of selection, 
binding was observed for selections performed on A431 cells and 
for selections perfonned 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 ceUs 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 supematants 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-TCD, 
while for the Hikd 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 BstNl fingerprinting 
followed by DNA sequencing. Two unique EGFR 
antibodies (E12 and Bll) were isolated from selec- 
tions on A431 cells. For selections on CHO/EGFR 
cells, the Bll scFv was re-isolated along with 
another unique scFv (CIO). 

To determine whedier the monoclonal antibodies 
bound native EGFR as expressed on cells, phage and 
native scFv were prepared fi-om each of the three 
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SCREENED ON 

CHWEGFR cells 

CHOcslls 

A431 seiedlais CHWEGmsdections 

FL24Heigh( 
10'   10* 

loO'To'' 10'   10- 
R.2-Heigl« 

10' 
FL2-Height 

MDA-MB-4W 
odis 

MDA-MB-4ra 
(^Is 

R.2-Hei8h« 
10**   id'   #   10*  10^ 

FL2-Height 

FL2-Helght 
10'   ir 

FU-Helght 

Hg. 2. Binding of polyclonal pliage to EGFR expressing cells. Phage was prepared from the thiid round of selecdons performed on A431 
cells and CHO/EGFR cells, and binding to a panel of cells was analyzed by flow 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/HJFR cells (right panels), no difference in staining was observed between 
CHO/EGFR cells and CHO cells, however EGFR exprMsmg cells stained more intensely than EGFR negative cells. TTiis result suggests 
that many antibodies were selected that btod 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 montwlonal 
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 d& 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 X^ values 
ranged between 217 and 300 nM (Table 2). 

3.4. Cell binding and intenudization of phage 
antibodies and scFv 

Since die phage antibodies were selected on the 
basis of intemalization, we examined the ability of 
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A431 MDA-MB-468 CHO/EGFR MDA-MB-453 CHO 
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Fig. 3. Binding of monoclonal phage to EOFR positive and negative cell lines. Phage antibodies (E12, CIO and Bl 1) were analyzed for the 
ability to bind EGFR positive (A431. MDA-MB-468 and CHO/KJFR) and EGFR negative (MDA-MB-453 and CHO) cell lines by flow 
cytometty. All three antibodies stained KJFR expressing cells and did not stain EOFR negative cells. 

M31 MDA-MB-468 CHO/EGFR MDA-MB-453 CHO 
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Fig. 4. Binding of monoclonal scFv to EOFR positive and negative cell lines. Purified scFvs (B12, CIO, and Bll) were analyzed for the 
ability to bind EGFR positive (A431, MDA-MB-468 and CHO/KJFR) and EGFR negative (MDA-MB-453 and CHO) cell Unes by flow 
cytometry. All three antibodies stained EOFR expressing cells and did not stain EOFR negative cells. 
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Table 2 
Binding affinity of a-EGFR scFv 

scFv ^o(nM) 

A431 MDA-MB-468 

B12 
CIO 
Bll 

3(X> 
217 
280 

265 

die 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 ceUs (e,g., 
A431, MDA-MB-468 and CHO/EGFR) but not in 
EGFR negative cells (MDA-MB-453 and CHO). 
Representative resulte are shown for die E12 scFv on 
CHO/EGFR and CHO ceUs (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- 
ly FTTC labeled and incubated with live cells. After 
incubation, ceDs 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 cells (MDA-MB-453 and CHO). Much of 
the scFv remdned surface bound, with some in- 
tracellular staining observed (Figs. 5 and 6 for 
representative results with B12 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 firet step in developing a torgeled cancer 
therapeutic is generating a ligand that specifically 
binds to a receptor which is either tumor specific or 
sufficiently overexpressed in lumore 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 ceU surface receptors, 
we recently demonstrated diat 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 
successftil 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., 2(W0). 

For this work, we demonstrate diat 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 die Mnase domain (Odaka et al., 
1997; Tzahar et al., 1997). Receptor intemaUzation 
occure 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 wifli the target gene. The trmsfected 
human EGFR has been shown to function normally 
in its foreign environment: stimulation with EOF 
leads to receptor phosphorylation and receptor inter- 
nalization follows activation. Selection on die EGFR 
transfected cell line permits use of the untransfected 
parental cell line to deplete the library of phage 
binding irrelevant receptore, enhancing enrichment 
ratios. The two ceU lines should differ only in the 
presence of the target receptor. The availability of 
the untransfected cell Une also provides an ideal 
reagent for the screening and char^terization of 
antigen specific clones following selection. The 
ability to select on a transfected cell also ehminates 
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CHO/EGFR cells CHO cells 

Fig. 5. Binding and intemalization of the E12 phage antiixxly, scFv and immunoliposomes into CHO/EGFR and CHO cells. Tiie E12 phage 
antibody was detected with a-M13-biotin followed by streptavidin-phycoerythrin. "ITie E12 scFv was directly labeled with FTTC and 
immunoliposomes containing the fluorescent dye HPTS constructed. Binding and intemalization 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 inMnnnoIiposomes showed inttacellular staining. Where the antibody was not removed ftom the cell surface (scFv and 
immimoliposomes) surface staining was also observed. 
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MDA-MB-468 MDA-MB-453 

Fig. 6. Binding and intemalization of the E12 phage antibody, scFv and inununoliposomes into EGFR expressing MDA-MB-468 and EGFR 
negative MDA-MB-453 cells. The E12 phage antibody was detected with a-M13-biotm followed by stteptavldin-phycoerythrin. The E12 
scFv was directly labeled with FTTC and inununoliposomes containing the fluorescent dye HFK constructed. Binding and intemalization 
into KiFR expressing MDA-MB-468 and EGFR negative MDA-Jffi-453 cells of the phage antibodies, scFv and inununoliposomes 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 stufece (for scFv and immunoliposomes). Phage antibodies, scFv and inununoliposomes showed intracellular 
staining. Where the antibody was not removed from the cell surface (scFv and inununoliposomes) 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 die parental CHO cell line. In fact, the 
depletion was found to have been insufficient m 
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 w^ 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 mult 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 3& determined by immunofluorescence and 
confocal microscopy. In both reports, the phage 
antibodies were selected fiom Ubraries where mono- 
meric scFv were displayed m single copies in a 
phagemid system. In fact, all large non-immune 
libraries display monovalent antibody fragments 
(either scFv or Fab) m 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 
Ubraries would require that: (1) the scFv formed 
spontaneous scFv dimere (diabodies) on die phage 
surface, as has been reported for some scFvs; (2) the 
monovalent scFv mimicked the natural receptor 
Ugand leading to receptor aggregation and endo- 
cytosis or (3) increased phage display levels led to 
greater dian 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 die 
transferrin receptor antibody, the scFv was a ligand 
mimetic and could compete with the natural ligand 
transferrin for binding to the receptor. In die case of 
the ErbB2 scFv, the mechanism by which it was 
endocytosed as a monomer is unknown. In the 
present work, die E12 scFv shows evidence of 
spontaneous dimerization (diabody formation) by gel 
filtration which could explain how it could crossUnk 
receptors and tiigger endocytosis. Interestingly, the 
purified scFv monomer (separated from dimer) 
shows significantiy more surface membrane staining 
than intracellular staining (Figs. 5 and 6), especially 
compared to the multimeric immunoliposomes or to 
phage (which could be displaying dimeric scFv). In 
the case of the otfier 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 eUminates some useftil cell surface targets, 
ligand binding and receptor intemalization is a 
common mechanism for receptor and signaling regu- 
lation. Since most antibodies need to be bivalent to 
crosslink receptore and be efficienfly endocytosed, 
one mechanism to increase the applicability of diis 
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 die 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 molecide 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 fonn (probably the majority of 
scFvs) and those that remain on the cell surface as 
monomere 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 d& monomeric antibody fragments) or to deliver 
drugs intracellularly (when used as bivalent 
diabodies or IgG or when targeting multivalent 
nanopaiticles). 

In conclusion, we report the successfid selection 
of EGFR antibodies from a phage library by selec- 
tion for intemalization 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 ttans- 
fected cell line allows selection of antibodies to 
native receptors without the need for protein expres- 
sion and purification, significanfly 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 pne repertoire of the phagemid 
library from the phagemid vector pHENl into the pha^ vector tA-SflL/tioO. A 1.3 kb stuffer fragment was first sub- 
cloned into the phage vector id-Sjil/Motl using the restriction sites ti-SfB./'Noil to facilitate the subsequent sub-cloning 
of the scFv rqjertoire into ttus vector. Ihese restriction sites were used to excise fte scFv pne repertoire from pHENl. 
The Sfl. site is located within the pelB gene sequence and the Notl restriction site abuts sequence coding for three 
alanine residues 5* to a c-myc epitope tag and an amber stop codon before the gene M sequence. Sub-cloning of the 
scFv repertoire into fd-tet places it in-frame with a hybrid gene M-pelB leader sequence and abutting ttie alanine- 
coding sequence immediately 9 of ttie pne HI sequence. 

with phagemid display.'* To select more efficiently 
phage antibodies tiiat trigger receptor-mediated 
endocytosis/-^ we consiructai 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."" lliese 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 
tiiis hypothesis, we relected naive phage and 
phagemid antibody libraries on two proteins and 
one phosphopeptide using the most commonly 
employed method of antigen immobilization, coat- 

ing of inununotubes. We compared the efficiency 
of antibody display, efficiency of antibody selec- 
tion, divereity of antibodies generated, and the 
binding constante and expression levels of the 
selected antibodies. The resulte have implicatiorK 
for library design, selection methodology, and ease 
of selection automation. 

Results 

Library construction and characterization 
A 7,0x10' member non-immune human scFv 

phagemid antibody library has been cor^tructed 
and characterked.* To create a non-immune 
human a:Fv phage antibody library, the scFv 
gene repertoire was excised from ttie phagemid 
library  and  subdoned  into  the  phage  vector 
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Figure 2. Anti-pin Western blot 
of (a) total libraiy phage and (b) of 
randomly picked unselected clones. 
Pha^ particles were prepared from 
phage or phagemid libraries and 
electrophoresed on a 10% poly- 
acrylamide gel. Helper phage was 
used as a control to indicate the 
location of wild-type pIII. The 
pin and scFv-pin fusions were 
detected with a pIII antibody, 
Polydonal or monoclonal phage 
antibodies demonstrated signifl- 
cantty more scFv-pHI fusion 
than polyclorial or monoclonal 
phagemid antibodies. 

fd-tet-S^/Nofl (Figure 1)." After Ugation and 
transformation of Escherichk coli, a libraiy ot5xW 
tetra«ycline-resistant colonies was obtained,wo PCR 
screening indicated that 20/20 dones contained an 
scFv-sized insert, giving a library size of 5 X10*, 
To determine the relative efflciendes of scFv 
display on the phage pHI, polyclonal phage was 
prepared from the phage and phagemid librarira, 
Phage prepared from 3\e two libraries was sub- 
jected to SI»-PAGE foUowed by Wratem blotting, 
with detection using anti-pin antibody. Tlie 
amount of scFv-pIII fiision protein was signifi- 
cantly greater in the phage Hbraiy compared to 
flie phagemid library, as was the ratio of scFv-pin 
fusion compared to wOd-type pin (Figure 2(a)). 
Similar analysis was performed on ten naiive dones 
selected at random from the two libraries. All ten 
dones from the phage library had detectable 
scFv-pin fiision 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 pffl was 
greater for the clones from the phage library. 

Selection of antlgen-blnding phage antibodies 

Phage and phagemid librarira 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 (DLVDAEEYLVPCXySF). 
After each roimd of selection, the frequency of anti- 
gen-binding phage antibodies was higher from the 
phage antibody Ubrary compared to tiie phagemid 
library for all three antigens (Table 1). For two of 
tiie anti^ns, 5-6% of clones bound antigen after a 
single rovmd of selection using the phage library. 
In contrast, only a single binder was detected after 
flie first roimd of sdection iKing the phagemid 
library. After two rounds of selection, 35-78% of 
dones bound antigen using the phage library 
(Table 1), In confrast, 2-29% of clonra bound anti- 
^n after the second round of selection using the 
pha^mid library. To determine the impact of 
selection on the cUversity of the selected antibodi^, 
the scFv gene from antigen-binding dones 
was   subjected   to   PCR   fingerprinting."   All 

Table 1. Frequency (%) of antigen-binding phay antibodies as a fimction of selection round 
Antigen Round 1 phage    Round2phay    RoundSphay    Bound 1 phagemid    Round 2 phagemid    Round 3 phagemid 
ErbB2Y1023 5.4 
PcrV 6.5 
TREM 2a 0 

39.1 
ma 
34.8 

93.6 
97.9 
100 

1.1 
0 
0 

65 
28.7 
22 

93.6 
95,7 
47.8 

Phage and phagemid libraries were selected on antigen and the frequency of binding pha^ antibodies was determined by ELBA. 
In all, 96 dones from each round of selection were serened. 
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Table 2. Wiect of phage antfljody library type and 
selection round on the number of unique antibodies 
identified 

Pha^ laiiary Phagemid library 

Round 2 Rounds Round 2 Rounds 

EAB2Y1023 
PcrV 
TREM2a 

■am 
U/72 
8/32 

11/88 
8/92 
9/94 

4/6 
4/24 
2/2 

7/88 
9/90 
4/44 

AH antigen-trfnding clones from the % clones serened from 
each round of selection were subjected to PCR fingerprinting to 
determine tiie numtier of unique antibodira present. Numbers 
represent the numlier of unique antibodies identified/fce 
numlier of antigen-binding clones screened. 

antigen-binding clones from the second and third 
roimds of selection for both libraries on each 
antigen were fingerprinted (Table 2; Figure 3). 
After the second round of selection, a mud» lar^r 
number of xmique antibodies were identified fi-om 
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 flian the phagemid library. After a 
third round of selection, flie number of unique 
antibodies decreased for both types of libraries, 
with the phage library stiU 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 corBtante of the anti- 
bodies, the scFv genes firom PcrV-binding phage 
antibodies were sublconed into the vector pUC119 
Sfl-NotmycHis, resulting in the fiwion of a hexa- 
hfetidine tag at the C terminus of the scFv." ScPv 
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 fi'om three phagemid and eight phage clones 
were purified, with the expression yields greater 
for the phage clones compared to flie phagemid 

(Table 3). Association and dissociation rate con- 
stants were measured using surface plasmon reso- 
nance in a BIAcore and used to calculate the 
equilibrium dissociation constant (Kj). Two of 
Ihe three K^ values were below 50 nM from the 
phagemid library, with the lowest-affiruty scFv 
having a K^ value of 1^ nM (Table 3). In contrast, 
all Kd valuffi of scFv from the phage antibody 
library were higher (lower affinity) than scFv 
fi"om the phagemid library, ranging from 1^ nM 
toll«)nM(Table3). 

Discussion 
For this work, we compared human scFv phage 

antibody libraries cor^tructed in phage and phage- 
mid vectors. The library in a phage vector yielded 
a greater munber of scFv antibodies per antigen 
thMi the phagemid library (15.0 versus 5.7). The 
niunber of antibodies per antigen is also greater 
than reported for ten other phagemid antibody 
librarira (Table 4). This is likely due to the fact 
that multiple copies of antibody fragment allow 
multivalent binding to antigen," flius allowing 
selection of scFv with monovalent binding con- 
stants that are eittier too low to be selected or are 
selected inefficiently when present in a single 
copy on phage. For the phage library, Ae 
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 prraent after a single roimd of 
selection from the pha^ library. Such improved 
selection efficiency likely results from the increased 
efficiency of antibody fragment display, as well as 
an increase in flie functional binding constant due 
to an avidity effect rraulting from display of mul- 
tiple copies of antibody fragment." llie net result 
of increased selection efficiency is that it is possible 
to screen for binding antibodies after a single 
roimd of selection. Screening after a single round 
of selection greatiy simplifies automation of the 
selection process, since it is not necessaiy to 
amplify phage for subsequent rounds of selection 
by culturing. 

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

Rcund2Hi8ge R<Hiiid 2 Hisgemiil 

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

 Ki(XW-'M) ^(xlffM-'s-') k^(xlO'h-^) Expi^ion level (mg/ml) 

Phagemid done 
PCTVSA2 32 
PcrVSA7 37 
PcrVSBl 141 

Phage clone 
PcrVFD6 148 
PcrVICll 227 
PcrVFDS «» 
PcrVFAS 687 
PcrVFP4 m 
PcrVFG2 819 
PcrVFE2 992 
PcrVFAU 1160 

6.05 
5.68 
2m 

2.86 
2.ffl 
1.06 
538 
0.812 
0.183 
0.388 
0.541 

0.0197 
0.0231 
0.0285 

0.0426 
0.0615 
0.0464 
0.37 
0.0643 
0.015 
0.0385 
0.0628 

0.033 
0.46 
0.28 

0.18 
1.10 
1.14 
1.10 
1.10 
om 

0.53 

Assodatton (*„„) and dissodaBon (kj) rate constants for purified scFv were measured by using surface plasmon resonance 
(BIAcore) and Kj was calculated as k^/k^ 

vectoiB is unclear. In the phage vector, expression 
of the pin-scFv fiision is driven by the natural 
phage promoter and no helper phage is required 
for phage particle generation.*^"^^ A powerful 
transcriptional terminator is present afer pVM 
prior to the pin gene, and the pin gene initiation 
codon is for valine.'^'^^ All of the above features 
likely result in minimal, yet perfectly regulated 
pin expression," In pha^mid vectore, pIH-scFv 
expreffiion is typically driven by the tac 
promoter.'''^' Expression of scFv-pHI fusion pro- 
tein resulte eittier from leaky expression after 
the exhaustion of the inhibitor glucose from the 
medium, or by addition of small amoimte of IPTG 
if the lac represser is included in the phagemid 

vector. Since both pIU and scFv protein are toxic 
to E, coli, increased expr^sion, as may occur using 
artificial promoters, may actually lead to less, 
rather than more, fusion protein."-^"^' In addition, 
phagemid systeira require the addition of helper 
phage for phage particle ^neration, VWld-type 
pin from the helper can compete with pIH-scFv 
fusion protein for incorporation into the phage 
particle,' Furthermore, infection by helper phage 
is hindered or blocked in the presence of pIII 
expression in E.coU.^ Thus leaky expression of 
pin-scFv fusion may prevent subsequent infection 
with helper phage. Since different scFv ^nes 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 

Library 

Average number 
Library size Number of ofanlBsodies 

and type        protein antigens studied      per protein anti^n 

Number of        Range of affinities 
affinities for protein antigens 
measured (x 10"' M) 

Marks et si.'' 3.0 Xiy 2 

Nissimetal.'* 
(scFv,N) 
1.0 XW 15 

DeKrulfefal." 
(scFv,^ 
3.6 Xl(^ 12 

Griffiths rfaJ." 
(scFv.SS) 
6JX10" 30 

Vaughan el si? 
(Fab,S) 
1.4 xlO"" 3 

Sheets et III.* 
(scFv,N) 
6.7 XlO* 14 

Little et si." 
(scFv,N) 
4.0X10" 2 

Sblattero & Bradbury^ 
(scFv,N) 
2.0X10' 7 

Soderlindetsl." 
(scFv,N) 

3.0 X 10" 6 

deHaardrfal.' 
(scFv,N) 
3.7X10" 6 

This work 
(Fab,N) 
5XVP 

(scFv,N) 
3 

2.5 1 ia)-20(» 

Z6 ND ND 

1.9 3 im-i^m 

4.8 3 7.0-58 

7.0 3 4.2-8.0 

8.7 8 0J2-71J 

3.5 ND ND 

6.14 4 15.6-59.8 

3.67 2 3.1-7.6 

14 3 2.71-38.8 

153 11 148-1160 

All libraries were constructed in phagemid vecloiB, except Griffiths et at and for this work, N, natural scFv ^ne repertoire; SS, 
semi-synthetic scFv ^ne repertoire. 
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differ significantly in the rate at which they are 
rescued and packaged by helper phage infection. 
Thte effect may explain why scFv from the phage 
library had Wgher expression levels than scFv 
from the phagemid library. scFv with higher levels 
of expression may result in higher levels of pHI- 
scFv fusion protein in E.coli and inhibition of 
infection with helper phage. Such scFv would not 
be dfeplayed 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 ihe pha^ library com- 
pared to ttie 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 fee frequency 
of higher-affinity binders.^ Thus, lowering of the 
selection affinity threshold by itself biases for an 
increased frequency of lower-affinity antibodira. 
Moreover, the greatest increment in affinity when 
antibodies are multimerized occuis with the 
lowest-affinity antibodies.^* Thus, multivalent dis- 
play minimizes the differences in monovalent 
binding constants, thus reducing the selection for 
Mgher-afflnity binders that normally ocairs 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 tiie library size was 14 times 
smaller than the phagemid library. However, since 
all members of the phage library showed detect- 
able scFv-pUI display compared to only 30% of 
the phagemid library, it is likely that fimctional 
library size differed only by fourfold. Larger 
libraries yield antibodies of higher affinity (Table 
4j 23,26 ^^^g ^g could have corrected for ttie differ- 
ence in library size by using only a portion of the 
phagemid library, flie current analysis reflects 
more accurately flie library sizes that can be gener- 
ated reasonably from the two systems; pha^ 
transfection efficiencies are significantly lower 
than phagemid. 

In conclusion, we have shown that phage 
librari^ result in greater antibody display leveb 
and more efficient selection on antigen. A greater 
nimiber of antibodies are ^nerat^, but are of 
lower affinity than from phagemid libraries. 
Rtage libraries may be more useful than phagemid 
libraries for automated selections, specially if 
secondary screens for affiruty are avaOable, or 
when antibodies with rare biologic properties are 
desired. If the affinities of flie 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 taand of selection (either by 
subcloning into a phagemid vector or by treating 
ttie  phage  with  trypsin),   Phage  libraries  are 

probably more useful for cell selections, especially 
for triggering of receptor-mediated endocytoste.** 
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 usefiil when ttie 
highest-affinity antibodies are draired with mini- 
mal secondary screening. 

Materials and Methods 
Library construcUon and characterization 

For the non-immune phagemid library, a previously 
reported human scFv antibody library containing 
6.7 X10' membere was utilized.* For the non-immune 
phage library, scPv ^nes were excised as Sfil-NotI frag- 
ments fixjm DNA prepared from the 6.7 X10' member 
phagemid library and gel-purifled. The scFv gene rq>er- 
toire was ligated into the phage vector td-Sfil/NofP 
(provided by Dr Andrew Griffiths, MRC, Cambridge). 
Ugation mfactures were used to transform E. coli TGI 
and fce transformation mixture plated on Tryptone- 
yeast extract (rYE)-Tet plates (TYB plates containing 
15 ng/ml of tehracycline). Library size was calculated by 
counting the number of tetracydine-resistant colonies. 
Library quality was verified by determining the per- 
centage of dones with an insert the appropriate size for 
an scFv gene by colony PCR screening using the primers 
fdseq^ and fd2."' Library divereity was confirmed 
by BstNl fln^rprinting tte amplified scFv genes" as 
described." The library was stored in 2 X TY-Tet (2 K TY 
containing 15(j,g/ml of tetracydine) containing 15% 
(v/v) glycerol at -80 °C. 

For the pha^mid library, phagemid partides were 
prepared by rescue withVCB-M13 helper phage (Strata- 
^ne) as described." For the phage library, phage 
particles were prepared by inoculation of 11 of 
2 X TY-Tet with an aJiquot of library glycerol stock and 
Ihe culture grown overnight at 30 °C with shaking at 
2Mrpm. Phage were harvested by centrifugatton, 
concentrated by predpitation with PEG" and purified 
by GCl gradient-centrifugation as described. Phage 
concentration was determined by titering on E. coli TGI. 

The extent of scFv-pIU fusion was determined for 
bofli polyclonal phage prepared fi»m the libraries and 
for randomly pidced individual dones by Western blot- 
ting. For Western blot, 3 X10" phage were boiled in 
denatiuing SK bu&r, subjected to Sre-PAGE and 
dectroblotted onto nitrocellulcKe membranes. Mem- 
branes were blocked with 5% (v/v) milk/PBS for M 
minutes at room temperature. Membranes were incu- 
bated with a l:3fm dilution of pffl antibody (Mo Bi Tec) 
in 5% milk/PBS for W minutes at room temperature. 
Membrane were washed in Pre/0.05% (v/v) Tween 
and incubated with a 1:1010 dilution of anti-mouse/ 
HRP (Santa Cruz) for 30 minutes at room temperature. 
Membranes were ftirther washed in PBS/0.05% Tween 
and the HRP conjugate detected with ECL detection 
reagent (Amersham Pharmacia). 

Sslectlon of phagemid and phage antibodies 

Libraries   were   sdecled   using   75   mm X12 mm 
immimotubM (Nunc; Maxisorb) coated overnight at 
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4=^ with 2 ml of 50 ng/ml PcrV,^ 50 jig/ml of TREM 
2a," or the tyn»ine phosphorykted peptide P-Y1023 
(DLVDAEEYLVPQQGF) taken ftom the tytoplasmic 
domain of human ErbB2 * For phosphopeptide selec- 
tions, peptide was flist conjugated to maleimide- 
acUvated bovine serum albumin (KA; Pierce) as 
described by the manufacturer. Tubes were coated with 
10 M-g/ml of BSA-peptide conjugate. Tubes were blocked 
with 2% (w/v) skimmed milk powder in VBS 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 X10" units/ml. Then 500 |il of the eluted phage was 
used to infect 10 ml of log-phase growing E, coli TGI, 
which were plated on TYE-AMP-Glu plates (TYE plates 
containing lOOftg/ml of ampidllin and 1% (w/v) 
glucose) (phagemid library) or on TYE-Tet plates. Phage 
or phagemid particles were prepared and concentratSi 
as described above and used for the next selection 
round. The phage preparatton-selection-plating cycle 
was repeated for three rounds. 

Phage EUSA 

Antigen-binding phage antibodies were identified by 
phage ELKA, For ELBA, individual colonies were 
picked into 96-well microtiter platra containing 2 X TY- 
AMP-Glu (phagemid library) or 2xTY-Tet (phage 
library). For plagemid libraries, phage particles were 
rescued by the addition of VCS-M13 helper pha^ as 
described.*' Bacteria were grown overnight at 10 °C, the 
bacteria pelleted, and supernatant containing phage 
particles used for EUSA. For ELBA, microtiter plates 
(Falcon 353912, Becton Dickinson) were coated overnight 
at 4'C wifli m itl/weU of 10 (ig/ml of PcrV, 10 jig/ml 
of TREM 2a, or 10(j,g/ml of MA-peptide conjugate. 
The next day, wells were blocked for two hours at room 
temperature witti 2% sUnuned milk powder in FK. 
Phage binding was detected with anti-M13 antibody 
(Amereham Pharmacia) diluted 1:3000 in PBS followed 
by ABIS as described." The number of unique phage 
antibodies was estimated by PCR fingerprinting of ttie 
scFv genes vrith the restriction enzyme BstNI as 
described.^' 

ScPv purification and affinity measurements 

For purification, scFv genes were subdoned into flhe 
expression vector pUC119 Sfl-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 diomatography followM by gel- 
filtration on a Sephadex 75 column to remove aggregated 
or dimeric scFv as described.^ The concentration of 
purified monomeric scFv determined spectrophoto- 
metricaDy, assuming an Asso™, of 1.0, correlates to an 
scFv concentration of 0.7 mg/mi. 

Association (fc„J and dissociation (^) rate constants 
were measured using surface plasmon rMonance in a 
BIAcore and used to calculate tiie equilibrium dis- 
sociation constant. In a BIAcore flow-cell, approximately 
mi resonance uiuts (RU) of PcrV (15 n,g/ml in 10 mM 
sodium acetate, pH 4 J) were coupled to a CMS sensor 
chip tising NHS-EDC chemistry." This amount of 
coupled PcrV resulted in scFv RU™, of 1(X)-175 RU. 
The surface was repnerated after binding of scFv using 
4M MgfU. The Ks, of scFv was calculated from the 
association (fcj and dissodation (fc^) rate coiBtants 

determined in the BIAcore (Kj = *off/*<m). Assodation 
was meMured under continuous flow of 5 (il/minute 
using a concentration range of scFv fi»m S)nM 
to 1000 nM, The association rate constant (*J was 
determined from a plot of (ln(dR/dt))/t versus 
concentration." The dissodation rate constant (*„«) was 
determined from the dissociation part of the sensorgram 
at the highest concentration of scFv analyzed, using a 
flow rate of 30 jil/minute to prevent rebinding. 
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The ability to isolate fetal nucleated red blood cells (NRBCs) from 
tfie maternal circulation makes possible prenatal genetic analysis 
without flie need for diagnostic procedures ttat are invasive for 
tfie fettis. Such Isolation requires antibodies specif Ic to fetal NRBC^. 
To generate a panel of antibodies to antigens present on fetal 
NRBCs, a new type of nonimmune phage antibody library was 
generated in which multiple copies of antibody fragment are 
displayed on each phage. Antibody fragments specific for fetal 
NRBCs were isolated by extensive predepletlon of flie phage 
llbraiy on adult RBCs and white blood cells OWBCs) followed by 
positive selection and amplification on fetal liver eiythroid cells. 
After two rounds of selection, 44% of tiie antibodies analyzed 
bound fetal NRBCs, wrtth two-tiiirds of tiiese showing no binding 
of WBCs. DNA fingerprint analysis revealed tiie presence of at least 
16 unique antibodies. Antibody specificity was mnf irmed by flow 
qrtometiy, immunohistochemistiy, and immunofluorescenn of 
total fetal liver and adult RBCs and VWCs. /Uitibody profiling 
suggested tiie generation of antibodies to previously unknown 
fatal RBC antigens. We conclude tiiat multivalent display of anti- 
bodies on phage leads to efficient selection of panels of specific 
antibodies to cell surfam antigens, lite antibodies generated to 
fetal RBC antigens may have clinical utility for Isolating fetal NRBCs 
from maternal circulation for nonlnvasive prenatal genetic dlag- 
n<»i$. Some of the antibodies may also have possible therapeutic 
utility for erythroleukemla. 

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

It 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 (JNRBCS) are also 
routinely present in the maternal circulation (3, 4), These cells 
are considered the ideal target for noninvMive DNA prenatal 
diagnosis, but presently they cannot be readily isolated from the 
maternal circulation in high enough numbers and purity for 
routme clmical use. Because the isolation methods for purifymg 
fetal NRBCs from maternal circulation rely on antibody-b^ed 
separation and detection technique, progress in this area haa 
been hampered by the relative lack of antibodira 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 exprrased on a number of adult 
white blood cells (WBCS) resulting in contammation by many 
WBCS in purification techniques relymg 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. Hie majority of antibodies generated by this 
method are nonspecific and react with irrelevant epitopes 
present on all human cells. Conventional murme hybridoma 
technolo^ also tends to produce antibodira onty to immuno- 
genic antigens, because it relies on natural immune r^ponse in 
an anunal. Thus, antibodi^ to antigens that are strongly evolu- 
tionarily conserved tend not to be produced by this technology. 

To overcome these limitations, we applied antibody phage 
display technology to isolate new fetal erythroid lineage specific 
antibodies. In antibody phage display, large nonunmune librarira 
are created and display sin^e-chain variable antibody fragments 
(scFv) on the surface of filamentous bacterlophage vkions (refe. 
6 and 7; reviewed in ref. 8), The gene for the displayed antibody 
is carried in the phage genome, thus Unking 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 vitm selection techniques, 
antibodies can be teolated to any antigens, including nonimmu- 
nogenic and conserved antigens (9-11). Antibodies to cell 
surface antigens can be directiy isolated from phage antibody 
libraries by pannmg on cells, mcluding blood cells (12,13). In 
fact, RBCS were the firet cell type used to demonstrate the 
feasibiUty of cell surface selection by antibody phage display 
(12). Such cell selections, however, have not proven generally 
successftil for generation of panels of cell-type specific antibod- 
ies. Here we describe the generation of a new type of nonimmune 
phage antibody Ubrary in which multiple copies of antibody 
fragments are displayed on each phage and report its successful 
application to generate a panel of antibodira to unique fetal 
erythroid cell surface markers. 

MetfiiKk 

Blood Cell Preparations, Buffy coats containhig peripheral blood 
leukocyte were obtained from the Irwm Memorial Blood Bank 
(San Francisco). Fetal livers of gestational ages ranging from 
14-24 weeks were obtamed from San Francisco General Hos- 
pital with the approval of the University of C::alifomia, 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 straming 
through 70 ftm nylon mesh (Becton Dicktoson Labware, Frank- 
Un Lakra, NJ) to remove fetal hepatocytes and clumped cells, 
followed by panning on polystyrene plates coated with anti- 
glycophorin A (GPA) antibodies (Beckman Coulter, Wratbrook, 
ME) at 10 jtg/ml fa 0.5 M Tris-HCl (pH 9.5) as follows: fetal celb 
were resuspended m 3 ml of PBS supplemented with 5% PCS at 
a concentration of 10^ cells/ml and allowed to attach for 2 h at 
4''C. Cells that did not attach were removed by washing four 
times witii PBS/1% PCS. 

For flow cytometiy, Ught-density fetal liver cells, containfag a 
high proportion of immature erythroid progenitors, were iso- 
lated by first homogenizmg the liver through a wire mesh and 
washing the cells ta PBS containing 0.5% fraction-V ethanol- 

Abbrevlatlons: scFv, single-chain variable antibody fragment; RBC red blood cell, WBC, 
vMte blood cell; NRBC, nudeated RBQ GPA, glycophorin A; PEG, polyethylene glycol; FITC, 
fluoresceln Isothlocyanate; K, phycoerythrln. 
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extracted BSA (Boehringer Mannheim), and 50 ^g/ml genta- 
micta (GIBCO/BRL). The fetal liver ceUs were next layered 
on a 1.077 g/ml solution of Nycoprep (GIBCO/BRL) and 
centrifiiged at l.MO 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 celb depleted of 
GPA+ cells were prepared by immunomagnetic bead depletion 
as described (14). 

Phage Display Library Construction. To generate phage displaying 
multiple copies of antibody fragment, an scFv phage antibody 
library was constructed in fd phage. The fd phage display Mbrary 
(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/Notl scFv insert from pHENl into 
M-Sfil/Notl (15), (provided by Andrew Griffiths, Medical Re- 
search Council, Cambridge, U,K). Ligation mixtures were used 
to transform Escherkhia coli TGI and the transformation mix- 
ture plated on TYE platra containing 15 ftg/ml tetracycline. 
Library size was calculated by counting the number of tetra^- 
cline-resistant colonira. 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 usmg the 
primers fdseq (7) and fd2,5'-TTTTTGGAGATTTTCAAC-3'. 
Library diversity was confirmed by BsMl flngerprintmg the 
amplified scFv genes (16) as described m ref. 7. The library was 
stored in 2x TY containing 15 itg/ml tetracycline and 15% 
glycerol at -80°C. 

Pliage Library Preparation and Selection. Phage were prepared by 
inoculation in 1 liter of 2x TY containing 15 jtg/ml tetracycline 
with an aliquot of library glycerol stock, and the culture was 
grown overnight at SO'C with shaking at 250 rpm. Phage were 
harvested by centrifiigation, concentrated by precipitation with 
polyethylene glycol (PEG) (7), and purified 1^ CSCl gradient 
centrifiigation as described (17). Phage concentration was de- 
termmed by titering on E, coll TGI. 

Before selection, the phage library was extensive^ depleted 
against a mixture of adult RBC^ and WBCS. A total of 10" phage 
particles were incubated with 10' adult RBCS and 10* adult 
WBCs to PBS/1% BSA in a total volume of 1 ml for 15 mto at 
room temperature with rotation. After tocubation, phage bind- 
ing adult RBCs and WBCs were removed by centrifiigation and 
collection of the supernatant. The supernatant was used to 
resuspend fresh adult RBCs and WBCs. This procedure WM 
repeated six times each with adult RBCS and WBCS The 
supernatant was fiirther depleted of phage binding adult RBCi 
by incubation for 60 mm at VC with adult RBCS attached to 
15-cm polystyrene plates coated with 10 ^g/ml anti-GPA anti- 
bodiM. This supernatant wm fiirther depleted of phage bindhig 
WBCS by incubation for 60 mto at 4°C with adult human WBCS 
attached to 15-cm polystyrene platw coated with 10 |*g/ml 
anti-CD45 and anti-CD13 (Caltag, BurUngame, CA). 

After the depletion steps, supernatant contamtag phage was 
incubated at 4"C for «) min with fetal NRBCi attached to 10-cm 
polystyrene plates coated with 10 ^g/ml anti-GPA antibodies. 
Plates were washed 10 times with 10 ml of ice-cold PBS/0.5% 
BSA. After washtog, the fetal RBCs were scraped off the plates, 
washed twice with PBS/0.5% BSA and collected by centrifii- 
gation. After washtog, fetal RBCs were lysed with 1 ml of IW 
mM Triethlyamme (Sigma). The Ipate wm neutralized with 0.5 
ml of 1 M Tris-HQ (pH 6.8) and then used to tofect 10 ml of 
exponentially growmg E. coli TGI as described (7). E. coli was 
grown at 3TC for 1 h with shaking at 250 rpm after which tune 
the culture was plated on TYB plates containtog 15 ng/M 
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- 

scribed above. The number of unique scFv was estimated by PCR 
fingerprinting of the scFv genes with the restriction enzyme 
BstM. 

Flow Qftometry. For flow cytometry, phage was prepared from 
todividual colonies. Phage was prepared by inoculation of 500 ml 
of 2X TY containing 15 Mg/ml tetracycline with todividual 
clones and grown overnight at 30°C. Phage were concentrated by 
PEG precipitation and resuspended to 2 ml of PBS/1% BSA. 
FACS anafysis was performed on a FACScan or FACSCalibur 
flow (ytometer (Becton Dicktoson 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 lO^^ phage were mcubated on ice for 1 h to 
IW id of PBS/1% BSA. After washing twice, cells were 
resuspended in 100 jil of biotinylated polyclonal anti-M13 (5 
Prime -* 3 Prime) diluted 1:2,(X)0 to PBS/1% BSA and tocu- 
bated on ice for 30 mm. After bemg washed twice, cells were 
r^uspended in either streptavidin-R-phycoerythrm (PE) con- 
jugate (Molecular Probw) or streptavidin-fluorescein isothio- 
cyanate (FITC) (Molecular Probes) diluted 1:2m to PBS/1% 
BSA and tocubated on ice for 30 min. DNA was stained by 
tacubating cells with Horacht 33342 (Molecular Probes) at 10 
ftg/ml on ice for 30 min. Cells were washed twice and analyzed 
by flow cytometry. Dead cells were stained with 1 |<,g/ml 
propidimn iodide (Sigma). 

Total li^t-density fetal liver cells and GPA" light-density 
fetal liver cells were anatyzed for btoding of FITC-labeled phage 
and PE-labeled GPA or CD34 (Beckman Coulter), r^pectively, 
Bmding of FITC-labeled phage was directiy compared with 
btodtog of FITC-labeled CD36 (Beckman Coulter) and CD71 
(Becton Dickinson Immunchemistry Systems) mAbs, Phage 
were directly labeled with FTTC by tacubating on ice, for 90 mto, 
10" phage in 500 ^ of 1(K) mM NaHCOj (pH 8.5) with 5 fil 
of 6-[fluoresceto-5-(and -6)-carboxamido]hexanoic acid, suc- 
ctoimidyl ester [5(6)-SFX] (Molecular Probes) suspended at 10 
mg/ml to iVjJV-dimethyl formamide. Phage was precipitated with 
PEG and resuspended three times. After labeltog with FITC, the 
phage were resuspended to 500 ^1 of PBS/1% BSA and then 
used for cell statatog. Approximately 1-5 X 10* cells were 
stained, m a volume of a)-50 ^1 in 96-well V-bottom plates 
(Costar), with saturattog levels of labeled phage or mAbs for 30 
min on ice. Thereafter, the cells were washed twice with washtog 
buffer consisttog of PBS contammg 0.5% BSA and 0,01% NaNs. 
The cells were resuspended m the same washtog buffer supple- 
mented with propidium iodide for the analysis of live cells. 

ImmunoMstodiemisty and Immunofluorescence Microscopy. For cell 
staintog, biotinylated phage was used. Phage was biotinylated by 
tocubating 10" phage to 500 ^1 of 100 mM NaHCOa (pH 8.5) 
witii 40 fil of 2 mg/ml Sulfo-NHS-IXD-biotin (Pierce) for 30 mm 
on ice. Phage was precipitated with PEG and resuspended tiiree 
times. For statatog, 10* cells were first blocked to a total volxmie 
of 1(K) fd of PBS/1% BSA containtag the helper phage M13K07 
at a concentration of 10"/ml for 20 mta. Ten microliters of 
biotinylated phage antibody was added to the cells and tacubated 
for 30 min on ice. Cells were washed with PBS/1% BSA and 
used to prepare slides for immunohistochemistry and immuno- 
fluorescence usmg a cytocentrifiige (Sakura Ftaetek, Torrance, 
CA). Slides were air dried overnight and fixed with 2% form- 
aldehyde at room temperature for 20 min. After washtog, phage 
stataing was detected by alkaUne phosphatase conjugated 
streptavidto (DAKO) diluted 1:120 with PBS at room temper- 
ature for 20 mto. Slidw were washed twice to PBS and then 
developed with Fast Red (DAKO) at room temperatiire for 20 
mto. For immunofluorescence, phage btodtog was detected by 
tacubation with Alexa fluor 546-conJugated streptavidta (Mo- 
lecular Probes) diluted 1:400 with PBS, Fetal hemoglobto 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), DNAwas 
stained with 4',6-diamidino-2-phenylindole mounting media 
(Vector Laboratories), The stained cells were evaluated by using 
Zeiss Axiophot f luorracence microscope with filters (U V, blue, 
or green excitation) for 4',6-diamidmo-2-phenylindole, FITC, or 
Alexa fluor 546, respectively, and a dual band filter (blue and 
green excitation) for combined FITC and Alexa 546 detection. 

To generate mAbs to fetal erythroid antigens, a scFv phage 
antibody library was constructed in the phage vector fdDOG (6), 
Unlike antibody libraries constructed in phagemid vectors, use 
of a phage vector yields three to five copiw of scFv-pIII flBion 
per phage, resultmg 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 sfi-Notl gene 
fragments from a large nonimmune phage antibody library in the 
phagemid vector pHENl into the phage vector fd. After trans- 
formation, a library of 3.2 X 10* tetracycline-resistant clones was 
obtataed, PCR screening revealed that 95% of clones had an 
scFv size insert, yielding a functional library size of 3,04 X 10* 
membere. To verify that scFv display levels were higher in phage 
vs. phagemid vectors, phage were prepared fi-om both libraries, 
and subjected to SDS/PAGE followed by WMtem blotting with 
an anti-plll antibody. Blots indicated that for the phage library, 
approximately 50% of pIII consisted of scFv fiision. In contrast, 
only 1-5% of pIII consisted of scFv fiision 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 RBCi, 
the phage library WM first extensively depleted against both adult 
RBCi 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 10*, 

To determine the outcome of the selection strategy, polyclonal 
phage were prepared after the second round of selection and 
analyzed for bindmg to adult buffy coat WBCs and total fetal 
liver cells by flow <y tometry. Only a very small amount of bmding 
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 
anatyzed for fetal erythroid cell binding and adult WBC binding 
by flow cy tometry. Of 95 random clones analyzed, 42 bound fetal 
erythroid cells by flow cytometry, T^o-thirds of the antibodies 
showed no evidence of WBC bindmg (for example, mAb fd-H7 
in Fig, 2), One-thkd of the mAbs bound a small percentage of 
WBC from the buffy coat as determined by flow cytometry (for 
example, mAb fd-B6 m Fig, 2), To determme the number of 
unique antibodira generated, the scFv gene was amplified 1^ 
PCR and the PCR product was digested with the frequently 
cuttmg restriction enzyme BsiNl (PCR fingerprinting). From 
the 42 fetal erythroid binding scFv, 16 unique fingerprints 
were observed, indicating the presence of 16 unique antibodies 
(Fig, 3). 

These 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 

fd-tet 
»• i ADULT 

BUFFY 
%. COAT 

Polyclonal Phaga 

Hoechst 33342 

Fig. 1. Binding of polyclonal phage antibodies to adult tmffy coat WBCs and 
total fetal liver cells. After the second round of selection, polyclonal phage 
were prepared and analyzed for tfieir ability to bind either adult buffy coat 
WBCs (fi) or total fetal liver (O). There is a large shift in the fetal liver cells 
compared with s minimal shift of a small population of adult buffy coat WBCs. 
In contrast, control wild-^pe fd phage did not significantly shift either cell 
population (A and C). 

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, suggestmg that 
they were binding to different antigens on the more primitive 
erythroid cells. These phage antibodies were then further 
analyzed for thek 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 OPA~ fraction than clusters A and B did. 
The antigen detected by cluster B also appeared to be more 
restricted to GPA+ ceUs. 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 ftirther which of these antibodies were binding 
specifically to fetal NRBCi, immtmohistochemistry 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 Uver but not the buffy coat WBCs (Fig. 4 A and C), The 
other one-third stained erythroid cells in fetal liver and also adult 
monocytes (Fig. 4B and D). These results confirm the specificity 
demonstrated by flow cytometry. As an additional demonstra- 
tion of specificity, immunof luorracence was performed on fetal 
Uver cells, and a representative result is shown in Fig, 5, Only 
fetal hemoglobin containing cells with nuclei (Fig. 5D) were 
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ng. 2. Binding of monoclonal phage antibodies to adult bufty coat WBCs and total fetal liver cells. Phage were prepared from Individual colonies after the 
second round of selection and analyzed for their abllityto bind adult buf^ coat WBCsortotal fetal liver eel Is. The representative antibody fd-H7(BandObound 
only fetal llvercells,virtiereas the antibody fd-B6(Candflbound fetal liver andasmallsubpopulation of WmCs consistent with nnono<ytes. Staining with wild-type 
fd phage (4 and D) is included as a contool. 

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

Disoisslon 
Production of mAbs by xenotypic immunization of mice with 
intact human cells usualty results in the production of antibodies 
agaiiKt immunodominant epitopw found on more than one cell 
type. As a rrault, 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 thta 
problem, and successfiil cell surface selections have been re- 
ported by using fixed (19) or living cells (12, 13, M-23), 
However, because of the heterogeneity of the starting material, 
such selectioM require elaborate subtraction protocols to avoid 
the selection of frrelevant antibodies. Although there are several 
reporte of successful selections on cells using large nonimmune 
libraries (10,12,13), this approach has been most successfiil 1^ 

using small 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 

Fig. 3, DNA fingerprint analysis of the scFv genes of individual antibodies 
from the second round of selection, srfv DNA was amplified by PCR directly 
from colonies and digested with the frequently cutting restriction enz^e 
BstNI. A diverse banding pattern was observed, with each unique pattern 
representing a unique antibody sequence. First lane Is a 100-bp DNA martcer. 

Light-d enslty fetal GPA-I ght-denslty 

Antibody 
Iver fetal liver 

fragment/mAb* GPA+ GPA- CD34+ CD34- 

Cluster A 
FSH8 90.9% 16.9% 6.6% 5.3% 
FSH7 92.1% 39.6% 2.0% 3.9% 
FSG5 98.7% 66.7% 7.0% 6.7% 
FSG9 86.2% 45.7% 3.1% 4.2% 

Cluster B 
C7 71.6% 7.5% 5.5% 4.8% 
F4 81.7% 9.8% 5,4% 4.6% 
a 84.1% 7.9% 7.1% 6.5% 
B5 88.0% 8.0% 9.9% 8.7% 

ClusterC 
FSE2 99.2% 46.9% 18.4% 8.2% 
A6 81.6% 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% 

z- 
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Hg. 4. Staining of adult bu% coat WBCs and total fetal liver by phage antibodies. Adult buffy coat WBCs or fetal liver cells were stained with blotinylated 
phage antibodies and the cells applied to microscope slides, fixed, and stained with streptavidin-alkaline phosphatase and Fast Red. The phage antibody BA7 
stains fetal erythroid cells (A) but not WmCs (O, whereas the phage antibody FSH3 stains both fetal liver (B) and a subset of WmCs (D). 

The Step limiting the selection of binders from large naive 
libraries by cell panning seenK to be the relatively high back- 
ground binding of nonspecific phage and relatively low binding 
of specific phage (24-26), The low buiding of specific phage M 
partial^ related to the low concentration of a given binding 

phage in the polyclonal preparation (approximately 1.6 X 10~" 
M for a single member of a 10' library m a phage preparation of 
1 X Ifli* particles per ml). The low concentration simuhaneously 
limits the efficiency of both subtraction of common binders and 
enrichment of specific binders. To overcome this limitation, we 

Hg. S, staining of total fetal liver by a fetal NRBC specific phage antibody. Fetal liver cells were incubated with blotinylated phage antibody FSG9, applied to 
microscope slides, and then stained with FITC anti-fetal hemoglobin antibody (A), streptavldin Alexa fluor 546 to detect phage binding (B), or 4',6-diamidino- 
2-phenylindoIe (D). Fetal hemoglobin and phage binding were visualized together v«th a dual band filter (O. Only fetal NRBCs stained with both, r, enucleated 
RBC;w,WBC. 
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generated a large nonimmune phage library in tlie phage vector 
fd. Compared with exkting nonimmune libraries constructed in 
phagemid vectors, such pliage vectore wfll display an antibody 
fragment on each of tlie five copies of pIII, leading to multivalent 
antibocty display. Multivalent display leads to an increase in the 
flmctional affinity constant of the phage antibody, rraulting 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 pIII 
from the helper phage. 

For the purposes of prenatal genetic diagnosis, there are 
several advantages of targeting fetal erythroid cells. Fetal NR- 
BC^ are abeady found m 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 pregnancira 
as it has been found with fetal lymphocytes (4). Although fetal 
NRBCs are an ideal source of fetal genetic material, they are 
present at an extremely low frequency in the absence of feto- 
matemal 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-f antibodies are more specific, embryonic hemo- 

globin has a narrower temporal window of expression (27). 
Additionally, targetmg intracellular antigens makes the purifi- 
cation steps more subject to cell loss, as the fragile erythroid cells 
need to be permeabilized to make the hemo^obin accessible to 
thwe antibodies. Thus, cell surface markers are preferred for 
enrichment. Cell surface antibodira to CD71, CD36, and I/i 
antigens are most commonly used for purification. However, 
they have the disadvantage of being expressed on subpopulations 
of maternal WBG. Because of this fact, additional erythroid 
markere are likely to be useftil for fetal cell enrichment or 
verification of fetal RBCs. Preluninary r^ults of phage antibod- 
ies generated by panning on fetal fiver cells have also been 
reported by others (27, 28). The panel of antibodira we have 
generated are likely to span a wide range of fetal RBC antigens 
other than CD71, CD36, and I/i. Further characterization of the 
specificity and utility of thrae 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 useflil 
not only for prenatal diagnosb, but also for treatment of 
polycythemia or erythroleukemia. 
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