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Abstract

Many therapeutic targets are cell surface receptors, which can be challenging antigens for antibody 

generation. For many therapeutic applications, one needs antibodies that not only bind the cell 

surface receptor but also are internalized into the cell. This allows use of the antibody to deliver 

various payloads into the cell to achieve a therapeutic effect. Phage antibody technology has 

proven a powerful tool for the generation and optimization of human antibodies to any antigen. 

While applied to the generation of antibodies to purified proteins, it is possible to directly select 

cell binding and internalizing antibodies on cells. Potential advantages of this approach include: 

cell surface receptors are in native conformation on intact cells while this might not be so for 

recombinant proteins; antibodies can be selected for both cell binding and internalization 

properties; the antibodies can be used to identify their tumor associated antigens; and such 

antibodies can be used for human treatment directly since they are human in sequence.

This review will discuss the factors that impact the successful selection of cell binding and 

internalizing antibodies. These factors include the cell types used for selection, the impact of 

different phage antibody library formats, and the specific selection protocols used.
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Introduction

Cell surface membrane proteins have proven to be important targets for the development of 

monoclonal antibody (mAb) therapies. At least 17 FDA approved therapeutic antibodies 

bind cell surface proteins with more than half binding tumor antigens and being used to treat 

cancers (Table 1). However cell surface proteins associated with inflammation or clotting 

have also been targeted to develop treatments for cardiovascular disease, transplant 

rejection, multiple sclerosis, Crohn's disease and rheumatoid arthritis (Table 1). Most of the 

antibodies are ‘naked’ IgG and work by binding the surface receptor and blocking signaling 
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or cell-to-cell communication. This is thought to be the primary mode of action of cancer 

mAbs binding EGFR (cetuximab and panitumumab) [1-3], HER2 (trastuzumab) [4], as well 

as many of the other mAbs in Table 1. Naked IgG can also elicit antibody dependent cellular 

cytotoxicity (ADCC) or complement dependent cytotoxicity (CDC), which is a major 

mechanism of action of anti-CD20 mAbs [5, 6] (which also induce apoptosis [7]) and may 

contribute to the action of trastuzumab and cetuximab [8, 9].

The next generation of “armed” tumor-specific antibodies and antibody fragments are in 

clinical trials and entering clinical practice. Such antibodies typically have enhanced effector 

activity, either via engineered Fc receptors that more efficiently active ADCC and CDC or 

by fusions to radionuclides, toxins or chemotherapeutic agents for targeted drug delivery 

[10-12]. For example, radiolabelled CD20 mAbs are approved for treating non-Hodgkins 

lymphoma [13], and the FDA recently approved brentuximab vedotin (anti-CD30 

conjugated with auristatin E) for the treatment of anaplastic large cell lymphoma [14, 15]. 

For toxin or chemotherapy fusions, it is essential that the antibody not only bind to a cell 

surface receptor, but that the antibody and its fusion partner undergo endocytosis so that the 

drug or toxin payload can be delivered to the cytosol.

Antibodies currently entering clinical trials are either humanized or fully human in 

sequence, in order to avoid immunogenicity [16]. Humanized antibodies are derived from 

murine mAbs generated by rodent immunization and hyrbidoma technology [17]. Human 

antibodies are generated using hybridoma technology and rodents transgenic for the human 

immunoglobulin locus or via display technologies such as phage, yeast or ribosome display 

[18-21]. For example, large non-immune human (naïve) antibody gene diversity libraries 

displayed on filamentous phage have proven a reliable source of human antibodies to any 

purified protein antigen [21, 22].

One challenge of these routes to therapeutic antibodies is that purified protein is generally 

required. Cell surface membrane proteins, however, generally do not fold properly in the 

bacterial cytosol, necessitating use of the bacterial secretion system for expression. The 

presence of multiple disulfide bonds in the extracellular domains of type 1 and type 2 

membrane proteins is typical, and their large size makes expression yields in bacteria 

frequently too low to be useful. This can be partially overcome by expressing protein 

domains, however it is often necessary to express these proteins, or domains of these 

proteins, in either insect or mammalian cells. These are relatively time consuming 

expression systems with variable yields. In addition, unique expression strategies are 

typically required for each different protein antigen. Multipass transmembrane proteins are 

even more difficult to express and purify. Their large hydrophobic transmembrane domains 

mean they must be harvested from membrane fractions and purified in the presence of 

detergents [23]. It is not uncommon for them to lose their conformation during the 

purification process. Loss of conformation makes generation of antibodies recognizing the 

native conformation unlikely. In addition, some purified proteins are poor mimics of the 

protein conformation present on the cell surface. Finally, many membrane proteins are 

evolutionarily conserved, limiting the robustness of the immune response when the protein 

is used as an immunogen.
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Selection of cell binding antibodies from phage antibody libraries

A different approach for antibody generation is to use cells expressing the cell surface 

protein of interest rather than purified protein. For example, a number of mAbs from 

hybridomas have been generated by immunizing rodents with tumor cells [24]. 

Alternatively, it has proven possible to generate mAbs to cell surface antigens by directly 

selecting phage antibody libraries on cells [25-29]. In this approach, phage antibody libraries 

are incubated with target cells, non-binding phage removed by washing, and specifically 

bound phage eluted (Figure 1B). Eluted phage are then amplified by infecting and culturing 

E. coli, and the process repeated for several rounds. In the first such example, a panel of 

single chain Fv (scFv) antibodies were generated whose specificity could be deciphered 

using panels of erythrocytes with known antigen expression profiles. scFv binding and 

specifically agglutinating erythrocytes expressing the blood group B antigen (500,000 sites/

cell), Rh(D) and Rh(E) (20,000 sites/cell) and the Kpb antigen (5,000 sites/cell) were 

isolated [30, 31]. The Rh(D) and Rh(E) antigens are multispanning membrane proteins with 

10 and 12 transmembrane domains respectively and have hypothesized channel or pore 

transporter activity. Variations of direct cell selection have yielded a large number of cell 

type and antigen specific antibodies binding cell surface receptors (Tables 2 and 3).

Cell selections can be performed to either isolate antibodies binding a specific cell surface 

receptor or to generate a panel of antibodies binding any surface proteins that are over-

expressed or preferentially expressed on a target cell type (for example cancer cells). To 

generate antibodies to a specific cell surface receptor, a cell line with high level expression 

of the target antigen is used. This could be an immortalized cell line, for example a tumor 

cell line, or a transfected cell line. For example, we generated antibodies binding EGFR and 

HER2 by selecting phage antibody libraries on tumor cell lines overexpressing EGFR or 

HER2, or a cell line transfected with EGFR [32, 33]. ELISA using recombinant antigen 

(EGFR or HER2) allowed identification of antigen specific phage antibodies. Alternatively, 

antigen specific phage antibodies can be identified by using transfected and untransfected 

cells.

Panels of antibodies binding any surface proteins that are over-expressed or preferentially 

expressed on a target cell type can also be accomplished using the cell selection strategy 

shown in Figure 1. One or more target cell lines of the desired phenotype (for example basal 

subtype breast cancer) are used for selection. In theory, the use of intact cells to select cell-

binding antibodies from phage display antibody library could generate antibodies to all cell 

surface antigens, especially for integral membrane proteins, which are difficult to express in 

native forms. By contrasting the binding of antibodies to a panel of related and unrelated cell 

types, large panels of potential tumor targeting antibodies can be generated [27, 32-36]. To 

generate such mAb panels, multiple forms of target cells have been used. These forms 

include target transfected cells, cancer cell lines in suspension culture or adherent cell 

culture [27, 33-35]; primary tumor cell spheres [37], and paraffin embedded or frozen tissue 

sections [38]. Compared to primary tumor cells, cancer cell lines may possess surface 

receptors that emerged during the process of being removed from tumor environment, 

continuous culture and immortalization. Nevertheless, the large cohort of established cancer 
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cell lines are useful sources of tumor-associated antigens for cell panning to isolate anti-

tumor mAbs [34, 36, 39-41]

Different strategies have also been used to either reduce background binding of phage or to 

achieve more specific elution of bound phage. These include the use of organic solvent 

separation [41, 42], cell density gradient centrifugation [43], and laser capture 

microdissection [38]. Separation of cell bound and free phages by density gradient 

centrifugation can minimize the non-specific removal of bound phage by shear forces during 

washing, may allow rebinding of dissociated phages, and can enhance the selectivity of cell-

selections. The use of laser capture microdissection may be an ideal protocol to isolate 

clinically relevant anti-tumor antibodies that can function in immunohistochemistry, but is 

complicated by the need to recover antibody gene sequences by PCR, due to the destruction 

of phage by the laser.

The isolation of cell type specific antibodies from large phage antibody libraries can prove 

technically challenging because selections often result in the generation of cross reactive 

antibodies binding to frequently expressed cell surface proteins [44]. Thus, prior to positive 

selection on the target cells, antibodies recognizing common cell surface molecules need to 

be removed by pre-absorbing the phage antibody library using control cells; this step is 

termed “depletion” (Figure 1A). The cell line chosen for depletion should be related to the 

cell line used for positive selection but should lack the cell surface antigen profile that has 

been targeted for antibody generation. For example, when generating phage antibodies 

binding specifically to the basal subtype of breast cancers, we used the luminal subtype 

breast cancer cell line for depletion. Serial repetition of the depletion process for two to six 

times prior to positive selection on the target cell line may be more effective at removing 

unwanted phage antibodies. However, we typically do not use a ‘depleting’ cell line prior to 

the first round of selection to avoid eliminating phage antibodies which might bind receptors 

overexpressed on the target cell line, but which are also present at lower density on the 

subtracting cell line and might be removed during the depletion process. This is especially 

important in the first round of selection, where each individual phage antibody is present at a 

relatively low copy number. Extensive depletions of antibody library with control cells have 

been used in the selection of cell binding antibodies yielding cell type specific antibodies 

(Table 2).

Selection of cell binding and internalizing antibodies from phage libraries

The ability of phage displaying short peptides to undergo receptor-mediated endocytosis into 

cells [26, 45] indicated that phage antibody libraries might be selected not only for cell 

binding but also for internalization into mammalian or other target cells. Such an approach 

would be especially useful for generating antibodies that could deliver drugs, toxins, or 

nucleic acids into a cell for therapeutic applications. The approach is similar to that used for 

selection of cell binding antibodies, but the incubation of target cells with phage occurs at 

4°C, followed by removal of unbound phage and then warming of the cells to 37°C so 

internalization can occur (Figure 1C). After internalization, phage left on the cell surface are 

stripped by stringent washes, internalized phage recovered by cell lysis, phage amplified by 

Zhou et al. Page 4

Arch Biochem Biophys. Author manuscript; available in PMC 2014 October 27.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



infection E. coli, and the process iterated. Prior to selection, depletion on a different cell 

type, as described above, is typically performed.

To determine that phage antibodies could be internalized into cells, and to identify the 

optimal library type, we studied a model system employing an anti-HER2 scFv and HER2 

expressing cells (Figure 2). We showed that anti-HER2 phage could be endocytosed by 

HER2 expressing cells and that cellular uptake of phage required both the targeting scFv and 

expression of the receptor on cells (Figure 2) [46]. We also showed that enrichment ratios 

were greater when phage were recovered from within the cell compared to recovery from 

the cell surface. Enrichment ratios were also higher when the phages were capable of 

crosslinking the HER2 receptor, rather than merely binding (Figure 2). Crosslinking could 

be made to occur when either bivalent antibody fragments, such as diabodies, were 

displayed in a phagemid system, or when monovalent scFv antibody fragments were 

displayed using a multivalent true phage vector. Thus phage antibody libraries constructed 

using phage vector systems [47, 48] may prove more useful for generation of internalizing 

antibodies than antibody fragments displayed using phagemid systems, if they can be large 

enough in size.

In the first example of this approach, we selected a phagemid scFv antibody library for 

internalization into the breast cancer cell line SKBR3 [33]. A large panel of antibodies were 

isolated, all of which were capable of internalizing into the target cells. Since the selecting 

cells expressed very high levels of HER2, we were able to identify internalizing HER2 

antibodies by screening by ELISA for binding to the HER2 extracellular domain. We 

determined that additional antibodies bound the transferrin receptor by using the single 

chain Fv antibody to immunoprecipitate antigen that was then sequenced by tandem mass 

spectrometry [33]. We and others have used this approach to generate internalizing 

antibodies to a wide range of different cell surface proteins ([32, 33, 35, 36, 39, 49-54](and 

see Tables 2 and 3). Internalizing antibodies and antibody fragments are rapidly internalized 

into the target cells and can be used to construct receptor targeted drugs or nucleic acids 

such as HER2, EGFR, or other surface receptor targeted immunoliposomes (Figure 3) [12, 

35, 40, 45, 52, 55-58]. The most advanced of these drugs are HER2 immunoliposomes 

targeting liposomal doxorubicin to HER2 expressing breast cancers (Nielsen, Kirpotin et al. 

2002; Park, Hong et al. 2002). Anti-HER2 liposomal doxorubicin entered phase 1 clinical 

trial as MM-302 in 2010 [59].

Identification of antigens bound by cell binding and internalizing antibodies

One of the greatest challenges in selecting cell specific binding and internalizing antibodies 

is the identification of the antigen recognized by the antibodies. In some instances, it is 

possible to use the antibody to immunoprecipitate the antigen from cell lysates [33, 34, 40, 

41, 60]. For example, we identified human transferrin receptor as the antigen bound by the 

H7 antibody by biotinylating the surface of the cell line used for selection, lysing the cells, 

immunoprecipitating the cell lysate using the H7 scFv attached to beads, running an SDS-

PAGE to separate the proteins, identifying the area of interest on the gel using streptavidin-

HRP, excising the band, and performing mass spectrometry sequencing [33]. This approach 

requires using a cell line with high-level expression of the target antigen. Screening a 
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number of cell lines using the relevant antibody and flow cytometry analysis can identify the 

appropriate cell line.

Alternatively, cDNA cell surface expression libraries constructed in mammalian or yeast 

cells can be screened to identify the antigen bound by the antibody [49]. We have also used 

the antibody of interest to stain a panel of cell lines that have been transcriptionally profiled 

for the expression levels of 40,000 genes. The mean fluorescent intensity for cell staining is 

normalized and correlated with gene transcript levels to identify the most correlated genes. 

These genes can then be displayed on the surface of yeast or mammalian cells to determine 

if this is the antigen recognized by the antibodies [36]. We have also been able to direct 

selections for internalization to specific tumor antigens. Several rounds of selection are 

performed on a tumor cell line followed by selection on the desired target antigen displayed 

on the surface of yeast. The resulting antibodies bind the target antigen and are internalized 

into mammalian cells [36].

Characteristics of cell binding and internalizing antibodies

Analysis of antibodies binding cell surface receptors by selection of phage display antibody 

library on cells suggests a number of common antibody features [32, 33, 35, 36, 39, 49-54]

(Table 2). Many antibodies seem to bind dominant overlapping epitopes on the target 

receptors regardless of the receptor size. For example, the selection of internalizing 

antibodies to breast cancer SKBR3 cells from naïve human scFv library resulted in 2 

dominant clones F5 and C1, which bind an overlapping epitope on HER2 [33]. No 

antibodies were identified to other HER2 epitopes, such as those recognized by the 

antibodies C6.5 or 4D5 [33]. C6.5 was isolated by biopanning of a naïve human scFv phage 

display library on immuno-tubes coated with recombinant ErbB2 extracellular domain [61]; 

while 4D5 was isolated from a hybridoma generated from a mouse immunized with 

NIH3T3/HER2-3400 cells [24]. The epitope on HER2 bound by F5 is on the upper surface of 

the HER2 domain 1, farthest from the membrane, while 4D5 binds domain 4, the closest 

domain to the cell membrane (Figure 4). Similarly, selection-dominant epitopes were 

observed for CD36 [44] and EphA2 [36]. In the case of the EphA2 antibodies, all bound the 

most membrane distal ligand-binding domain (Figure 4). This also appears to be a feature of 

other cell-selected antibodies; many bind near the ligand binding sites. For example EGFR 

and EphA2 monoclonal antibodies isolated from cell panning competed with cell-binding of 

the natural ligand EGF and Ephrin A1 respectively [32, 36, 58] (Figure 5), suggesting that 

such epitopes are also more accessible on the cell surface than others. It is perhaps not 

surprising that cell panning resulted in the selection of antibodies to a limited number of 

epitopes, those being epitopes that are most accessible on the cell surface. There are also 

instances where receptors do not display any epitopes accessible for phage antibodies to 

bind on cells [44]. Thus for some targets the approach may not be successful.

In conclusion, the direct selection of phage antibody libraries for cell binding or 

internalization is a powerful approach for generating antibodies binding cell surface proteins 

in their native conformations. The major challenge for this approach is the identification of 

the antigens bound by the antibodies. This issue can be addressed by using the antibody for 

immunoprecipitation followed by mass spectrometry sequencing, by screening antigen 
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cDNA libraries, or by sequential selections on cells followed by selection on specific target 

antigens displayed on cells or as recombinant protein. Resulting antibodies bind cells well 

and when selected for internalization, appear to be residualized more within cells than 

antibodies generated by other approaches. This may be due to a combination of binding 

highly accessible epitopes and with lower affinity. We expect that this approach will 

continue to prove highly useful for generating cell binding and internalizing antibodies.
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Selection of cell binding antibodies from phage antibody libraries

Selection of cell binding and internalizing antibodies from phage libraries

Identification of antigens bound by cell binding and internalizing antibodies

Characteristics of cell binding and internalizing antibodies
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Figure 1. Strategy for selecting cell binding and internalizing phage antibodies
(A) Deplete the naïve human scFv antibody library by incubating with the control cells; (B) 

incubate the depleted phage library with the target cell followed by washing the cells to 

remove the unbound phage and eluting the surface bound phage; alternatively, (C) after the 

removal of unbound phage, incubate cells at 37°C to allow endocytosis of the receptor and 

the bound phage followed by stripping off the surface bound phage with low pH buffer, and 

cell lysis to recover the endocytosed phage from inside the cells; (D) amplify phage 

antibodies from either B or C; (E) repeat selections for 2-3 rounds; (F) screening of 

monoclonal phage antibodies.
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Figure 2. Internalization of phage antibodies into ErbB2 expressing cells
Top panel: different phage antibody constructs. Bottom panel: immunofluorescent staining 

of phage major coat protein pVIII showing the localization of phage antibodies when they 

are displayed in a phagemid vector with 1 copy of scFv per phage (A-D) versus in a phage 

vector with 3-5 copies of scFv per phage. (A) Control phage antibody (binds BoNT); (B) 

anti-ErbB2 scFv C6.5; (C) anti-ErbB2 scFv ML3-9 with higher affinity than C6.5; (D) 

diabody C6.5; (E) scFv C6.5 displayed multivalently in fd phage vector. This figure cited 

images from reference #46.
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Figure 3. HER2 and transferrin receptor phage antibodies and scFv are internalized into cells
Top panel: Confocal microscopy with detection of phage antibodies using anti-pVIII 

antibody. A. Control phage antibody, binds botulinum neurotoxin. B. F5 anti-HER2 phage 

antibody selected for cellular endocytosis. C. Anti-transferrin phage antibody selected for 

cellular endocytosis. D. C6.5 anti-ErbB2 phage antibody selected on recombinant ErbB2 

[61].

Bottom panel: Confocal microscopy with detection of scFv using an antibody to a 

Cterminal peptide tag on the scFv. A. Control scFv, binds botulinum neurotoxin. B. F5 scFv 

selected for cellular endocytosis. C. Anti-transferrin scFv H7 selected for cellular 

endocytosis. D. C6.5 anti-ErbB2 scFv selected on recombinant ErbB2 [61]. This figure cited 

images from reference #33.
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Figure 4. Cartoon of epitopes of internalizing phage antibodies binding HER2 and EphA2
Left panel: Epitopes of F5 phage antibody and 4D5 Fab (Herceptin epitope). F5 binds the 

most membrane distal domain 1. Right panel: Epitopes of internalizing EphA2 phage 

antibodies. All phage antibodies compete with ephrin A1 ligand binding and thus bind to the 

membrane distal ligand-binding domain. The cartoon structures were adopted from PDB file 

1N8Z, 2X10, and 3CZU.
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Figure 5. Effect of ligand on the binding of EGFR and EphA2 antibodies to cell surface receptors
(a) Binding of EGFR scFv C10 (◇), P2/4 (■), and 2224 (sh-utrif) to MDAMB468 cells in 

the presence of increasing concentrations of EGFR ligand, EGF was determined by flow 

cytometry. (b) EphA2 antibodies D2-1A7 (□), D2-1A9 (◇), and 2D6 (sh=cir) compete with 

ephrin A1 for binding to MDAMB231 cells. Ability of phage antibodies D2-1A7, D2-1A9, 

and 2D6 binding to MDAMB231 cells in the presence of increasing concentrations of 

EphA2 ligand, Ephrin A1 was determined by flow cytometry. This figure cited images from 

reference #36.
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Table 1

FDA approved antibodies binding cell surface proteins.

Generic name Brand name Date approved Mab Type mAb target Disease indication

Abciximab ReoPro 1994 chimeric inhibition of GP IIb/IIIa Cardiovascular disease

Alemtuzumab Campath 2001 humanized CD52 Chronic lymphocytic leukemia

Basiliximab Simulect 1998 chimeric IL-2Rα receptor (CD25) Transplant rejection

Brentuximab vedotin Adcetris 2011 chimeric CD30 Anaplastic large cell 
lymphoma (ALCL) and 
Hodgkin lymphoma 
(conjugated with auristatin E)

Cetuximab Erbitux 2004 chimeric EGFR Colorectal cancer, Head and 
neck cancer

Daclizumab Zenapax 1997 humanized IL-2Rα receptor (CD25) Transplant rejection

Gemtuzumab Mylotarg 2000 humanized CD33 Acute myelogenous leukemia 
(conjugated with 
calicheamicin)

Ibritumomab tiuxetan Zevalin 2002 murine CD20 Non-Hodgkin lymphoma 
(conjugated with yttrium-90 or 
indium-111)

Ipilimumab Yervoy 2011 human blocks CTLA-4 Melanoma

Muromonab-CD3 Orthoclone OKT3 1986 murine T cell CD3 Receptor Transplant rejection

Natalizumab Tysabri 2006 humanized alpha-4 (α4) integrin Multiple sclerosis and Crohn's 
disease

Ofatumumab Arzerra 2009 human CD20 Chronic lymphocytic leukemia

Panitumumab Vectibix 2006 human EGFR Colorectal cancer

Rituximab Rituxan, Mabthera 1997 chimeric CD20 Non-Hodgkin lymphoma

Tocilizumab (or Atlizumab) Actemra & RoActemra 2010 humanized Anti- IL-6R Rheumatoid arthritis

Tositumomab Bexxar 2003 murine CD20 Non-Hodgkin lymphoma 
(conjugated with I131

Trastuzumab Herceptin 1998 humanized ErbB2 Breast cancer
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Table 2

Published examples of selection of phage antibody libraries on cells.

Cell type Antibody library Selection protocol Specificity Reference

Human red blood cels Human naïve scFv Cell Binding Anti-B, D (3), HI, E, Kpb [29]

Human peripheral leukocytes Semi-synthetic scFv Cell Binding Sub-populations of leukocytes [28]

Melanoma cells Melanoma 
immunized scFv 
(multivalent)

Cell Binding Melanoma-specific, tumor-specific, lineage-specific [27]

CD36/CHO myoblast Human naïve scFv 
(Vaughan)

Cell Binding CD36 [44]

Human breast cancer cell 
line SKBR3

Human naïve scFv 
(Sheets, 
monovalent)

Cell Internalizing HER2, Transferrin receptor [33]

Tumor cell line A431 and 
EGFR/CHO cells

Human naïve scFv 
(Sheets, 
monovalent)

Cell Internalizing EGFR [32]

Human fetal erythroid cells Human naïve scFv 
(Sheets, 
multivalent)

Cell Binding Fetal nucleated red blood cells [47]

Human colorectal cancer cell 
lines

Colorectal cancer 
cell immunized Fab

Density gradient centrifugation Colorectal cancer [43]

Human tumor cell line 
22Rv1, SW1990, HPAFII

Human naïve scFv 
(Gao, 1999)

Cell Internalizing Transferrin receptor, Integrein α3β1 [34]

Human prostate Cancer cell 
lines

Human naïve scFv 
(Sheets, 
multivalent)

Cell Internalizing Prostate cancer cells [35]

Human Leukemia cell lines Human naïve Fab 
(Dyax)

Cell Internalizing FLT3 [53]

Human tumor sections Human naïve scFv 
(Sheets, 
multivalent)

Laser capture microdissection Prostate cancer cells [38]

EGFR/CHO Cells Human naïve scFv 
(MRC)

Cell Internalizing EGFR [54]

33 tumor cell lines Human naïve scFv-
CL-GFP (Morino)

Cell binding with organic 
solvent separation

21 Tumor associated antigens [41]

Mesothelioma cells Human naïve scFv 
(Sheets, 
multivalent)

Cell Internalizing CD146 [39]

Brain tumor sphere cells Human naïve scFv 
(Sheets, 
multivalent)

Cell Internalizing Glioblastoma multiforme sphere cells [37]

Tumor cell line 
MDAMB231

Human naïve scFv 
(Sheets, 
multivalent)

Cell Internalizing EphA2, CD44 [36]
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Table 3

Internalizing antibodies to specific cell surface proteins isolated by selection on cells.

Cell surface protein Antibody Activity Reference

HER2 F5 Targeted Liposomal drug [33]

Transferrin receptor H7, PR5 [33], [34]

EGFR C10 and affinity F4 [32], [54]

CD146 M1 Targeted Liposomal drug [39]
[49]

CD166 I/F8
H3

Immunotoxin
Targeted Liposomal drug

[51]
[35], [52]

ICAM-1 M10A12 Block cell invasion [35], [50]

FLT3 EB10, A2IN, D4-3 Suppress cell growth [53]

Integrein α3β1 SW1, PAN10 SW1 mimic ligand [34]

EphA2 D2-1A7, D2-1A9 [36]

CD44 F2-1A6, F2-1H9 [36]
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