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Introduction

Monoclonal antibodies (mAbs) have proven to be valuable thera-
peutics for the treatment of cancers, inflammatory diseases and 
many other human diseases. More than twenty therapeutic 
mAbs have been approved by the Food and Drug Administration 
and more than 150 mAbs are in different stages of clinical tri-
als.1,2 Historically, most of the antibodies were generated through 
hybridoma technology. During the past decade, antibody display 
technology has become increasingly valuable for the development 
of antibody therapeutics. Several cell-based display techniques 
have been developed including phage display,3-8 E. coli display9-11 
and more recently, yeast display.12-17 Each display system has its 
strengths and weaknesses.1

The majority of antibody therapeutics developed thus far 
are full-length bivalent IgG molecules produced in mammalian 
cells. Therefore, an ideal display system for therapeutic antibody 
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screening should be mammalian cell-based and able to display 
full-length antibodies. Researchers have applied multiple strat-
egies in the effort to develop mammalian display technology, 
including using different mammalian cell types, e.g., COS cells, 
lymphoma-derived B cells, 293T cells, BHK cells and different 
delivery vehicles, e.g., plasmids, retroviral vectors, vaccinia virus 
and sindbis virus, to display peptides, antibody fragments or 
full-length antibodies.19-26 Most of these systems, however, dis-
play multiple copies of antibodies with different specificities on a 
single cell surface, making it difficult to identify and isolate anti-
bodies with a desired property. These limitations significantly 
hamper the application of mammalian display technology in the 
development of therapeutic antibodies.

In this report, we describe the development of a novel mam-
malian display platform that can display full-length, bivalent 
functional antibodies with defined specificity on the surface 
of mammalian cells, including CHO cells, which are the most 
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of both heavy and light chains were 
created in the pcDNA5/FRT vector 
to generate the Flp vector (FV; Fig. 1). 
Among the promoters we have tested, 
the CMV promoter was chosen for its 
ability to drive the expression of both 
heavy and light chains at fairly high 
and relatively equal levels.

To verify that each cell expressed 
only one specific protein under this 
system, a second expression vector, 
pcDNA5/FRT-Fc-Fusion, was con-
structed to express an Fc-fusion pro-
tein that can be distinguished from 
full-length antibody. Both FV and 
pcDNA5/FRT-Fc-Fusion vectors were  
stably co-transfected into Flp-In CHO 
(FCHO) cells together with pOG44 
vector, and the resulting recombi-
nant antibody and Fc-fusion protein 
expressed in the conditioned media 
were analyzed by western blotting. 
Our results showed that among the 
randomly selected 100 clones ana-
lyzed, 99 clones expressed only one 
protein, either antibody or Fc-Fusion 
protein (Fig. 2A), indicating that 

under almost all circumstances only one copy of the vector, either 
FV or pcDNA5/FRT-Fc-Fusion, is integrated into the host cell 
genome. In a single case, we observed one colony expressing both 
antibody and Fc-fusion protein.

To further confirm single copy plasmid integration per cell 
mediated by the Flp-InTM system, FACS was used to isolate single 
cell clones from a library pool of FCHO cells. These individual 
clones were further analyzed by RT-PCR to identify antibody 
genes. The data demonstrated that only one pair of antibody 
heavy chain and light chain genes were identified by RT-PCR, 
confirming that only a single antibody expression vector is inte-
grated into the host cell genome.

In order to compare the relative expression level of the  
Flp-InTM system with non-Flp-In system, 9 FCHO cell clones 
transfected by vector pcDNA5/FRT-Fc-Fusion (Fig. 2C) were 
randomly picked and evaluated against 9 regular CHO cell 
clones stably transfected with the same vector (Fig. 2B). FCHO 
clones expressed similar levels of Fc-fusion protein at about 1 mg 
per ml of conditioned medium. In contrast, protein expression 
levels in the regular CHO cell clones were variable, with little to 
no detectable expression in some of the clones.

Verification of expression and surface display of full-length 
antibodies. To display antibodies on the cell surface, we con-
structed another vector (FVTM) that contains a trans-mem-
brane domain as described in Materials and Methods (Fig. 3).  
The antibody heavy and light chain coding sequences were 
cloned into the FVTM and the resulting vector was transiently 
transfected into Flp-In 293 (F293) cells (Invitrogen). At 48 h 
post-transfection, the cell surface displayed antibodies were 

widely used cell line for production of antibody therapeutics in 
industry.27 The results have demonstrated that our display plat-
form, when coupled with FACS, is a very robust technology for 
screening and selecting antibodies with high levels of expression 
and affinity.

Results

Development of display scaffold. For rapid and unambiguous 
antibody screening, it is important that each host cell express 
only one specific antibody. In humans, each matured B cell 
expresses only one kind of antibody even though these cells con-
tain all genes necessary for the entire repertoire of antibodies. For 
phage display, as well as E. coli and yeast display platforms, there 
may be several to over a thousand copies of an antibody fragment 
displayed on each cell surface, all with a single defined specificity.

To develop a comparable platform in mammalian cells, the 
Flp-InTM system (Invitrogen,28) was chosen for its ability to inte-
grate a gene of interest into the host cell at a specific genomic 
location. The Flp-InTM mechanism involves introduction of 
an Flp Recombination Target (FRT) site into the genome of 
the mammalian cell line of choice, and subsequent integration 
of an expression vector containing the gene of interest into the 
genome via Flp recombinase-mediated DNA recombination at 
the single FRT site. The selectable hygromycin gene in the vec-
tor contains no start codon and no promoter, therefore it can 
only be expressed when it is integrated in-frame with the ATG 
codon and up-stream promoter of the FRT site within the host 
cell genome. Two parallel expression cassettes for the expression 

Figure 1. Schematic illustration of Homologous Recombination by the Flp-InTM System. Two 
expression cassettes for heavy and light chains were inserted into pcDNA5/FRT to form vector FV. 
Vector pOG44 contained the Flp recombinase gene. After co-transfection of both vectors FV and 
pOG44, the Flp recombinase expressed from pOG44 catalyzes a homologous recombination event 
between the FRT sites of the Flp-In host cell and the vector FV. Then the whole vector is inserted by 
homologous integration into the genome of the host cell only at the location of FRT.
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endogenous receptor or non-specific binding of the antigen to 
surface proteins. Single staining of cells with antigen only cannot 
distinguish between these events, but double staining of the cells 
with anti-kappa antibodies and specific antigen may allow one 
to distinguish binding to the displayed antibody from both the 
non-specific binding and binding of the antigen to endogenous 
receptors. To investigate how double staining can be used to dis-
tinguish specific antibody binding, a stable selected antibody-dis-
playing cell population was stained with anti-kappa antibodies 
and specific antigen (Fig. 4E). The concentration of the antigen 
used was identified by pre-titration with parent cells to allow bind-
ing to antibodies, but not specific receptors. In FACS analysis,  
the cells with non-specific binding are distributed randomly in 

probed with fluorescent dye-con-
jugated specific antigen or anti-
bodies against human light chain 
or heavy chain and were analyzed 
by flow cytometry (Fig. 4).

Two-color flow cytometric 
analysis of transfected cells dem-
onstrated the accessible display of 
full-length specific antibodies on 
the cell surface (Fig. 4). Bivariate 
dot-blots demonstrated a linear 
relationship between the fluores-
cence intensity of FITC [level of 
anti-IgG Fc binding (Fig. 4C) 
or antigen binding (Fig. 4D–F)]  
and PE level of anti-kappa chain 
antibody binding, (Fig. 4B, C, 
E and F) for the cells carrying 
FVTM vector. As a control, back-
ground fluorescence was measured 
in cells carrying the vector with-
out antibody genes (Fig. 4A). The 
fluorescence intensity of anti-IgG 
Fc antibody binding indicated the level of antibody expression 
on the cell surface. As described in Materials and Methods, the 
heavy and light chain coding sequences are driven by their pro-
moters and transcribed and translated separately. Only the heavy 
chain contains an in-frame fusion of the PDGFR trans-mem-
brane domain at the carboxy-terminus. The fluorescent signal of 
anti-light chain antibody binding indicated not only the expres-
sion of light chain, but the assembly of light chain with its com-
plementary heavy chain on the cell surface. Figure 4D shows the 
antigen binding on the surface of cells transfected with the spe-
cific antibody expression vector when the cells were stained with 
only the antigen. This binding may come from three different 
sources: specific antibody displayed on the cell surface, specific 

Figure 2. Western blot analysis of antibody expression in single cell clones. The selected single stable-cell clones were expanded in selection medium 
which was replaced with serum-free medium. Day 4 serum-free conditioned medium (CM) from each clone was collected and analyzed by SDS-PAGE. 
After electrophoretic separation, the proteins were transferred onto PVDF membrane, stained by anti human-Fc monoclonal antibody and visualized 
by SEC technology (Amersham). (A) FCHO cell clones stably transfected by a mixture of both vectors FV and pcDNA5/FRT-Fc-Fusion. (B) Regular CHO 
cell clones stably transfected by vector pcDNA5/FRT-FC-Fusion. (C) FCHO cell clones stably transfected by vector pcDNA5/FRT-FC-Fusion.

Figure 3. Schematic illustration of mammalian display system. The PDGFR trans-membrane domain was 
C-terminally fused to the heavy chain constant region in vector FV to form the antibody display vector 
FVTM. After transfection of the vector FVTM into Flp-In cells, both heavy and light chains were expressed, 
assembled and displayed on the cell surface.
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the dosage-dependent binding of the antibody to specific anti-
gen. The trend is that the higher the concentration of antigen 
needed to show binding, the weaker the affinity of the antibody 
displayed. This characteristic allows the screening of antibodies 
with desired affinity by using different concentrations of antigen. 
By lowering the antigen concentration used in screening, one can 
isolate antibodies with higher affinities.

To demonstrate that the mammalian display platform can 
sensitively distinguish antibodies with pico-molar affinities, two 
antibodies (Ab-1 and Ab-2) with known picomolar affinities were 
displayed on the surface of FCHO cells. Both antibodies showed 
picomolar affinities to the same antigen with only about a 5-fold 
difference (Ab-1 = 24 pM, Ab-2 = 118 pM). A dose-dependent 
binding experiment was carried out and fluorescence strength 
of expression (FSE), fluorescence strength of binding (FSB) and 
relative binding ability (RBA) values were calculated as described 
in Materials and Methods. Results from this experiment demon-
strated that the binding parameters of these two antibodies can 
be distinguished most clearly using an antigen concentration of 
6.25 nM (Fig. 5B).

Enrichment of cells displaying high affin-
ity antibody. The ability to distinguish different  
binding affinities and subsequently isolate antibodies with higher 
affinities is an important function of antibody screening tech-
nology. FACS analysis is a powerful screening tool to enrich for 
antibody-displaying cells with specific affinities. As previously 

the display graph and the cells with endogenous receptor bind-
ing will be located in the bottom of the graph (Fig. 4D). The 
linear distribution of the cells in Figure 4E from low-left corner 
to up-right corner indicated that most, if not all, of the binding 
results from the specific binding between antigen and its specific 
antibodies.

This double staining strategy can also be used to distinguish 
the cells expressing a library of proteins including antibodies as 
shown in Figure 4F. The y-axis indicates the expression of anti-
bodies and the x-axis indicates the affinity of antibodies. The 
cells located close to the left in the graph display the antibodies 
without antigen binding ability and the cells located upper right 
of the graph display the antibodies with high antigen binding 
ability and high expression level. The cells displaying antibodies 
with low to moderate binding activity are distributed in between.

Analysis of antibody display on the cell surface. The Biacore 
platform is the most commonly used method to analyze the 
binding affinity between antibodies and their respective antigen 
molecules. To test whether the mammalian display platform can 
mimic Biacore analysis to measure the affinity directly on the cell 
surface, an experiment was designed to assess the antigen bind-
ing patterns of surface-displayed antibodies. Different concentra-
tions of antigen from 6.25 pM to 62.5 nM were used with the 
previously described two-step double staining procedure utilizing 
anti-kappa chain antibody to stain the stably transfected anti-
body-displaying FCHO cells. The results (Fig. 5) demonstrate 

Figure 4. Flow cytometry analysis of antibodies displayed on the cell surface. Flp-In 293 cells were transiently transfected by FVTM containing 
the same human antibody gene (B–E) or a library of antibody genes (F). Cells were labeled 48-hrs post transfection with fluorescence-conjugated 
antibodies and/or antigen and then analyzed by flow cytometry. Kappa-PE, Phycoerythrin (PE)-conjugated mouse anti-human Kappa chain antibody; 
FC-FITC, FITC-conjugated mouse anti-human IgG antibody; Antigen-FITC, FITC-conjugated specific antigen. The x- and y-axis indicate the fluorescence 
intensities of FITC and PE fluorophores respectively. The cells carrying vector without antibody genes were used as the control (A).



512 mAbs Volume 2 Issue 5

binding activity were assessed by flow cytometry. As shown in 
Table 1, only 8 out of 12 clones expressed antibodies on the cell 
surfaces and none of the clones showed specific antigen binding. 
These results indicate the rarity of clones in the library retain-
ing specific antigen binding ability after combinational random 
amino acid substitution at the specified positions.

described, our mammalian display platform can 
generally distinguish antibody affinities within 
picomolar range. To demonstrate that FACS can 
efficiently enrich for antibodies with high affinities, 
the two antibody-displaying cell populations were 
mixed with untransfected parental FCHO cells at 
different ratios and co-stained with 100 ng/ml of 
specific antigen and anti-kappa chain antibody as 
indicated and then analyzed by flow cytometry. 
Again, these three populations in the mixture can 
be clearly distinguished (Fig. 6A); 0.17% of the cells 
were identified as displaying high affinity antibody 
and these cells were expanded and re-analyzed, 
showing 500–1,000 fold enrichment after a single 
sorting (Fig. 6B and C).

Affinity maturation of neutralizing antibody 
by mammalian display. Construction and diversity 
analysis of antibody library. MacCallum et al.29 ana-
lyzed the crystal structure of 26 antibody-antigen 
complexes and found that certain positions in 
CDRs make contact with antigens more frequently 
than others, indicating the importance of these 
positions in antibody-antigen interactions. H33, 
H50, H52, H56 H95-98 are among these key posi-
tions. Mutagenesis of these residues may impact the 
specific affinity of an antibody towards the target 
antigen. To further evaluate the application of the 
mammalian display platform for affinity matura-
tion, one anti-OX40 ligand antibody, Mab40-L11, 
was chosen (Fig. 7). Mab40-L11 was comprised 
of the IgG1 heavy chain and Lambda light chain. 
Considering the library size limitations for mam-
malian display, four codons in the variable domain 
of heavy chain (Vh) at positions Y33 in CDR1, Y50 
in CDR 2, F96 and T97 in CDR3 were chosen 
for random mutagenesis. The light chain was left 
unchanged. Codon mutations were introduced by 
PCR amplification and the mutagenized Vh frag-
ments were assembled with the human IgG1 con-
stant domain to form a full-length heavy chain 
library. To adequately cover the diversity of the 
mutagenesis at four positions, a library of 1 x 106 
transformants was constructed and screened.

To analyze the diversity of the library, plasmid 
DNAs from 23 bacteria colonies were isolated and 
the Vh domains were sequenced. Four out of 23 did 
not contain the necessary open reading frames to 
cover all of the four positions. The amino acid resi-
dues at these four positions in the other 19 clones are 
listed in Table 1. Compared with the heavy chain of 
Mab40-L11, 18 out of 19 clones are different from the parental 
clone by at least two amino acids and all of the four residues were 
mutated in 15 out of 19 clones. Additionally, 10 or more different 
residues were observed at each position, showing a diverse repre-
sentation of amino acids. Purified plasmid DNA from 12 of these 
19 clones was transfected into FCHO cells where expression and 

Figure 5. Characteristics of antibody display on cell surface. FCHO cells stably 
transfected with antibody display vectors directing the surface expression of 
antibodies were co-stained with PE-conjugated anti-kappa chain antibody and 
FITC-conjugated antigen and then analyzed by flow cytometry. The concentration 
of anti-kappa chain antibody was fixed and the concentration of the antigen was 
titrated in a range of 6.25 pM–62.5 nM. Neg is the negative control and the cells were 
stained by neither antibody nor antigen. (A) Dose dependent binding of antigen to 
antibody-displaying cells. The X-axis indicates the fluorescence strength of FITC and 
Y-axis represents the fluorescence strength of PE. (B) Analysis of cell populations 
displaying antibodies with different affinities. The RBA for each antigen concentration 
was calculated and the data for both Ab-1 and Ab-2 are presented as antigen dose 
dependent binding curves.
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affinities of soluble antibodies to OX40 
ligand on cell surface were analyzed by flow 
cytometry. Three antibodies (clone 13/22, 
21 and 32) showed similar binding affinity 
to OX40 ligand on cell surface as the paren-
tal antibody, Mab40-L11, while clone 12 
showed no binding activity. The three anti-
bodies with binding activity were tested in a 
Biacore system to determine their blocking 
activity and the results are shown in Table 2.  
Clone 13/22 shows a blocking activity 
that is 3.5-fold higher than the parental 
antibody.

Discussion

A desired characteristic of display systems is 
the ability to integrate one plasmid per cell, 
resulting in uniform antibody display with 
defined specificity. Technology advances 
have made uniform display possible for both 
phage and yeast display platforms. Stable 
transfection of foreign DNA into mamma-
lian cells, however, can often result in mul-
tiple integrations in the host cell genome. 
As previously described in the Results (Fig. 
2B), conventional stable transfection results 
in multiple insertions of the gene and expres-
sion levels can vary dramatically between 
cells. Factors influencing gene expression 

after gene integration into the host genome include the intrinsic 
properties of the gene, the flanking sequences surrounding the 
integration site, and the accessibility of various host cell transcrip-
tional regulatory factors. In the case of library screening, multiple 
copies of vectors containing different antibody genes could be 
introduced into a single cell. The multiple integrations and dif-
ferential levels of expression make it difficult to screen a library 
and identify antibodies with desired characteristics. The Flp-
InTM system provides defined integration at a single site in each 
host cell genome, leading to relatively equal antibody expression 
levels between clones. Single integration in each genome allows 
one to compare cell clones expressing different antibodies. Under 
well-controlled conditions, the expression and affinity of dis-
played antibodies on the cell surface will mainly be dependent on 
the properties of the antibodies to be analyzed.

Lee et al. described a method to display bivalent antibody 
(Fab)

2
 fragments on the phage surface to mimic natural immu-

noglobulin avidity binding.30 In this design, a leucine zipper and 
part of the hinge region of IgG were used to assemble two copies 
of monovalent Fabs together, allowing stronger avidity binding. 
In our mammalian display system, the native assembly machin-
ery of the antibody was utilized to display the full-length anti-
body, evidenced by detection of both heavy and light chains on 
the cell surface.

Affinity and expression level are two critical parameters in 
evaluating the quality of clone candidates in the development 

Display and screen of the antibody library on FCHO cell sur-
face. An FCHO cell pool stably expressing the anti-OX40 ligand 
antibody library was established as described in Materials and 
Methods and used in antibody display and affinity screening 
analysis. A concentration of 100 nM of FITC-labeled OX40 
ligand was used in the screening of library. As shown in Figure 8,  
distribution of the cells showed a wide range in expression and 
affinity. The majority of the cells did not display antibodies on 
the cell surface, and less than 7% of the cells displayed antibod-
ies with specific antigen binding ability. Forty-eight single cell 
clones sorted from gate R3 (Fig. 8) were analyzed by flow cytom-
etry after 16 days of expansion. Five clones with an X-mean value 
larger than 100 were selected for further relative binding ability 
(RBA) and Vh domain DNA sequences analysis. Every one of the 
5 clones analyzed had a RBA higher than the parental antibody 
Mab40-L11 (Table 2). 

Sequences and binding ability of selected clones. Total RNA 
was isolated from the FCHO single-cell clones and RT-PCR 
was used to amplify the VH domains for sequence analysis. The 
results confirmed that they are single clones and represent four 
different variable domains of the heavy chain. The mutations 
are listed in Table 2 along with the comparison to the paren-
tal sequence. The cDNAs of the VH domains of these four 
mutants were inserted into vector FV for expression of secreted 
antibodies. The vectors were stably transfected into FCHO 
cells and the soluble antibodies were purified. The binding  

Figure 6. Enrichment of cells displaying high affinity antibodies. (A) A mixture of cell 
populations displaying Ab-1 and Ab-2 were combined with parental untransfected Flp-In CHO 
cells at a ratio of 50:50. The ratios of Ab-1 and Ab-2 in final cell suspension were 1:10, 1:100 or 
1:1,000 as indicated. The final cell mixtures were double stained by 100 nM of FITC-antigen 
and PE-anti-kappa chain antibody and then analyzed by flow cytometry. (B) 0.17% of the cells 
displaying Ab-1 were sorted from the mixture by FACS for expansion and re-analysis. (C) The 
sorted cells were re-analyzed by flow cytometry after 10 days expansion.
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Figure 7. Strategy of combinatorial mutagenesis of VH domain. Fragments 1, 2 and 3 were amplified separately using primer pairs as indicated, and 
the three fragments were assembled to form the mutagenized full-length heavy chain library using sequence overlap extension PCR with primers P1 
and P6. The library was then inserted into the display vector using the HindIII and BamHI cloning sites.

Table 1. Residue changes at 4 positions in Mab40-L11 Vh domain

DNA clones H33* H50* H96* H97* Expression** Binding**

mAb40-L11 Tyr Tyr Phe Thr Yes Yes

110 Glu Thr Asn ND ND

111 Arg Pro ND ND

112 Asn Met Asn Ser ND ND

113 Ser Leu Met Ser ND ND

114 Ala Arg Leu Ala ND ND

117 Ile Lys Thr Ser ND ND

118 Pro Trp Ser Asp ND ND

119 Pro Ser Leu Arg No No

121 Asn Gln Lys Gly Yes No

122 Ala Ile Gly Cys No No

123 Cys Met Asp Pro No No

124 Ser Asn Ile Yes No

125 Leu Yes No

126 Ile Leu Met Gln Yes No

127 Lys Thr Arg Ala No No

128 Glu Trp Leu Phe Yes (low) No

129 Thr Leu Gly Tyr Yes No

130 Asn Val Asp Val Yes No

132 Leu Leu Ser Cys Yes No

Total*** 11/18 13/18 10/17 13/16 8/12 0/12
*Residue number in heavy chain CDR. The residue names are not shown if they are not changed relative to parental clone Mab40-L11. **ND, Experiment 
was not done. ***mAb40-L11 is not counted. For expression and binding, clones marked ND are not counted.
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and expression less problematic.12-14 The expression level of the 
antibody fragments on the yeast cell surface is correlated to the 
level of the secreted version, but it is still difficult to predict what 
the expression level will be when the fragments are converted into 
full-length IgG and expressed from mammalian cell lines used 
for industrial antibody production.

To monitor affinity and expression level simultaneously, our 
mammalian display platform applies a double-staining procedure 
to calculate fluorescent strength of binding (FSB) and fluorescent 
strength of expression (FSE). Antibodies can have similar affini-
ties while having dramatically different expression levels. When 
these antibodies are displayed on the cell surface, differences in 
expression level will affect the signal strength of FSB, but not 
necessarily affect the binding ability. Double-staining is neces-
sary for calculation of relative binding ability (RBA), a number 
that reflects more closely the real affinity of the antibody being 
analyzed. In our mammalian display platform, a specific anti-
gen is used to monitor binding affinity while an anti-light chain 
antibody is used to monitor expression level. This is because the 
light chain contains no anchor sequence and can only be detected 
when it has been correctly assembled with heavy chain on the 
cell surface. Normalization to the expression level is especially 
important when there are different numbers of cells of the mul-
tiple clones being compared. In the described affinity maturation 
experiment, the primary screen was conducted as early as 15 days  
post-single cell seeding into 96-well plates. Because the cell clones 
are growing at different speeds, there could be a several-fold dif-
ference in cell numbers available at the time of analysis. The RBA 
will more closely reflect the real binding ability of antibodies, and 
the comparison of RBA will be more accurate for the isolation of 
antibodies with improved affinity.

Double-staining was also used to distinguish specific antigen/
antibody binding from antigen/endogenous receptor binding and 
from non-specific binding. While the presence of a large number 
of high-affinity antigen receptors on the cell surface or strong 
non-specific binding will complicate the screening process, we 
did not encounter these situations likely due to the use of Flp-In 
CHO cells or Flp-In 293 cells.

Among the four antibodies identified by this display plat-
form, clone 12 is incapable of binding to the antigen OX40 
ligand on the cell surface, suggesting that the conformation 
of the soluble antigen changes when it is expressed on the cell 
membrane and parts of the protein may be buried in, or adja-
cent to the membrane. Therefore, it is entirely possible that the 
epitopes recognized by newly selected antibodies may be differ-
ent from the original epitope and may not be accessible in the 
native conformation.

The results of Biacore analysis of three antibodies (Table 2) 
showed some inconsistency with that of the mammalian display 
analysis. Biacore results of clone 13 showed higher affinity, as 
well as higher blocking activity, compared to that of the mam-
malian display analysis. For clone 21, the antigen binding abil-
ity increased, but the blocking activity dramatically decreased. 
Different factors may contribute to the inconsistency in these 
results. First, these two assays examined different properties of 
the antibodies, with the display system measuring affinity and 

of antibody therapeutics. One of the strengths of mammalian 
display of full-length antibodies is its compatibility with fluores-
cent-activated cell sorting (FACS) technology. FACS is a power-
ful tool that allows fine resolution between cell types, providing 
the ability to separate a heterogeneous suspension of cells into a 
homogenous fraction of single cells based on fluorescence and 
light scattering properties.16 Coupled with FACS, the mamma-
lian display platform can directly use CHO cells as the host for 
screening in a manner similar to a yeast surface display system. 
Investigators can titrate the antigen concentration as shown in 
Figure 5, precisely control the concentration of antigen to dis-
tinguish antibodies with different affinity and establish a thresh-
old to select antibodies with a desired affinity. We have used 
Mab40-L11 as the control and chosen a concentration of 100 ng/
ml of OX40 ligand in our experiment to identify antibodies with 
higher RBA. At the same time, investigators can also fix the con-
centration of anti-light chain or anti-IgG antibody to select for 
antibodies with higher expression levels, which usually correlates 
with the level of expression of selected antibodies secreted from 
the same host cell.

In phage display screening, single and multiple copies of an 
antibody fragment are displayed on the phage surface while the 
antigen molecules are fixed either on beads or on plates. This solid 
phase screening technique greatly enhances antibody-antigen 
binding because of the avidity effect, favoring phages with mul-
tiple display. Codon usage in bacteria is different from mamma-
lian cells and an antibody fragment expressed from bacteria may 
be toxic to mammalian cells. Therefore, binders selected through 
the phage display platform may not express in mammalian cells 
or may not express at the level necessary to meet the requirements 
as a candidate for further development. Additional optimization 
of affinity and expression is often required for antibodies gener-
ated from phages. This can be time-consuming and the outcome 
of the optimization is hard to predict. A display system has also 
been developed in yeast, which makes the maturation of affinity 

Figure 8. Sorting of the library for high affinity clones. An FCHO cell 
pool stably transfected with mutant library was double-labeled using 
both PE-conjugated anti-Lambda chain antibody and FITC-conjugated 
OX40 ligand (100 nM) and analyzed by flow cytometry. Cells located in 
gate R3 (0.1%) were single-cell sorted into a 96-well plate with one cell 
per well and expanded for further analysis.
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with high affinity and significantly improved neutralizing activ-
ity have been identified from this randomly mutagenized library.

The mammalian display system described here is successful 
in solving the critical issues of single integration and relatively 
equal expression, making this screening platform a powerful tool 
in the development of antibody therapeutics. We have presented 
data on the development of the platform to demonstrate its appli-
cation in affinity maturation and library screening. The library 
size we have screened is in the range of one million, complex 
enough for affinity maturation as shown by the results presented 
and adequate for the screening of immune libraries.

Materials and Methods

Reagents and cell lines. Restriction enzymes were purchased 
from NEB. MMLV, TagDNA polymerase and LipoFectamin 
2,000 were purchased from Invitrogen. Antibody reagents were 
purchased from BD Pharmingen.

293 Cells (ATCC) were maintained in DMEM supplemented 
with 10% FBS. CHO cells were maintained in DMEM supple-
mented with 10% FBS and 1x HT. CHO/OX40L cell line was 
established by stable transfection of OX40L expression vec-
tor. pcDNA5-FRT and pOD44 vectors were purchased from 
Invitrogen. Flp-In CHO (FCHO) and Flp-In 293 (F293) cell 
lines were purchased from Invitrogen and cultured according to 
manufacturer’s recommendations.

Construction of vectors for antibody expression and display. 
Flp-vector (FV, Fig. 1) was constructed by inserting two expres-
sion cassettes into pcDNA5-FRT (Invitrogen) for the expression 
of the secreted version of full-length antibody. For display of 
antibodies on the surface of mammalian cells, PDGFR trans-
membrane domain was fused in frame to the c-terminus of IgG 
constant region in FV vector to form the antibody display vec-
tor (FVTM, Fig. 3). Two sets of restriction enzyme cutting sites 
were introduced into the vector FVTM for the insertion of heavy 
chain (HindIII and BamHI) and light chain (ClaI and XhoI). 
The variable domains of selected antibody genes were amplified 
by PCR and inserted into the vector FV or FVTM accordingly as 
required in the experiments.

Establishment of cell lines stably expressing secreted and 
displayed antibodies. Flp-In CHO cells were cultured and co-
transfected with FV plus pOG44 or FVTM plus pOG44 at a 

Biacore measuring blocking activity. Second, the display sys-
tem mimics the native environment of antibody-antigen bind-
ing while the Biacore analysis utilizes purified proteins. It is 
well established that binding affinity may not always closely 
correlate with functional activity such as blocking activity. 
Nevertheless, we have been able to isolate clones from a display 
library with both higher affinity and higher blocking activ-
ity. More importantly, the identification of the antibody clone 
13/22 has been achieved by direct single-cycle cell sorting and 
FACS analysis of less than 50 single cell clones, which is much 
more efficient than other display systems and demonstrates the 
power of this system in the screening and selection of candi-
dates for antibody therapeutics.

Higuchi and colleagues have described a similar method 
to display full-length antibodies on the surface of COS cells 
by electroporation of vectors containing both heavy and light 
chain expression cassettes into the host cells.19 Ho et al. have 
described a system to display single chain anti-CD22 Fv frag-
ments on 293T cells.21 Both groups have successfully screened 
for clones expressing antibodies with antigen specificity19 or 
higher affinity.21 Standard transfection or electroporation meth-
ods, however, will typically introduce multiple copies of vectors 
into each cell. It is difficult to control the number of vectors 
introduced into each cell and, more importantly, the location 
of the integration into the host cell genome. Multiple copies of 
vectors and multiple integration sites in the host cell create a 
time-consuming process for screening and characterization. It 
also becomes extremely difficult to compare precisely the affin-
ity and expression on the mammalian cell surface and isolate 
the desired cell clones efficiently. It has been realized that, in 
both systems mentioned,19,21 the calculated diversity required 
for selection of clones with better affinity or antigen specific-
ity is about one thousand or less. This relative abundance of 
the desired populations in a library facilitates the screening in 
randomly integrated or transiently transfected systems. Beerli 
et al. has recently reported the use of a sindbis virus expres-
sion system to display a ScFv library on BHK cells and isolate 
antigen specific antibodies. Though the library has a combina-
tory size of 106, it was constructed based on 230 pre-selected B 
cell clones.26 The library constructed for this report has a size 
of 106 with a calculated protein diversity of 1.6 x 105 (204), 
which is much larger than those previously reported. Antibodies 

Table 2. Sequences and binding activity of selected clones

Clones H33/CDR1 H50/CDR2 H96/CDR3 H97/CDR3 sAg to mAb RBA sAb to mAg IC50

Mab40-L11 Tyr Tyr  Phe Thr Yes 0.1308 Yes 8.950e-010

12 Asp Asp Tyr Yes 0.1358 No N/A

13/22 Pro Ala Yes 0.1464 Yes 2.005e-010

21 Cys Yes 0.1529 Yes 8.526e-008

32 Lys Yes 0.2082 Yes 1.336e-009

The cDNA sequences of the Vh domains from 4 clones were analyzed by alignment with the parental sequence. Amino acid changes in the mutated 
positions were identified and listed in Table 2. An empty box indicates no changes from the parental sequence. Clones 13 and 22 show same amino 
acid changes and are listed together in one row. sAg to mAb: Soluble antigen binding to membrane-displayed antibody; RBA, Relative binding ability; 
sAb to mAg, Soluble antibody binding to membrane-expressed antigen; N/A, not applicable.
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Mutagenesis of variable domain of heavy chain and con-
struction of mutant library. To mutagenize heavy chains, tri-
nucleotide sequence NNS was incorporated into primers at the 
corresponding codons for mutation. After primary PCR ampli-
fication to incorporate the mutations into the designated loca-
tions, secondary sequence overlap extension PCR was carried 
out to form the full-length heavy chain containing HindIII at 
the 5'-end and BamHI at the 3'-end as illustrated in Figure 7. 
After digestion, the HindIII-BamHI fragments of the mutant 
library were inserted into the antibody display vector contain-
ing parental light chain. Then, the mutant plasmid library was 
transformed into DH10B cells by electroporation and 106 bacte-
ria transformants were collected as the bacteria library.

The plasmid DNA was isolated from the bacteria library and 
1 mg of library DNA was transfected into 3 x 108 FCHO cells in 
ten T172 flasks by LipFectamin-2000 as instructed by the man-
ual. A stable selected FCHO cell pool was used in the analysis of 
the antibody display and affinity screen.

Conversion of displayed antibodies to secretion antibodies. 
Total RNA was isolated from individual cell populations selected 
by single cell sorting. First-strand cDNA of Vh domain was syn-
thesized from total RNA by MMLV (Invitrogen) as instructed. 
The fragments of Vh were then PCR amplified. The primers used 
for the first-strand synthesis and PCR amplification are 5'-CAG 
CAG AAG CTT CTA GAC CAC CAT GGA CAT GAG 
GGT GCC CGC TCA GCT CCT GGG-3' (forward primer) 
and 5'-CTG AGT TCC ACG ACA CC-3' (reverse primer). 
After sequence confirmation, the genes of variable domains 
were inserted into vector FV and encoded antibody genes were 
expressed as the soluble type of antibodies.
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ratio of 1:9 using LipoFectamin 2,000 following instructions 
described in the manual (Invitrogen). Transfected cells were cul-
tured in growth medium containing Hygromycin (500 mg/ml). 
Single cell clones were picked and expanded for analysis.

For analysis of secreted antibody, 106 cells were seeded in 
each well of a 6-well plate and cultured in growth medium. The 
medium was replaced with serum-free medium 24-hrs post-
transfection. After another 24 hour culture, serum-free condi-
tion medium (CM) was collected and 20 ml of the CM from each 
clone were tested by western blotting.

Fluorescent labeling of mammalian cells displaying anti-
bodies or expressing specific antigens. To analyze antibodies 
displayed or antigens expressed on the cell surface, transiently or 
stably transfected cells were collected and suspended in wash buf-
fer (PBS containing 2% of FBS) at a density of 1–5 x 106 cells per 
100 ml of buffer. After addition of fluorescent-conjugated specific 
antigen or antibodies against human IgG or light chain constant 
regions as mentioned in the experiments, the cell suspensions 
were incubated on ice for 30 minutes and the cells were washed 
twice with wash buffer. The staining procedure was repeated as 
needed for a second or even a third staining. The stained cells 
were finally re-suspended in wash buffer at a density of 1–5 x 106 
cells per ml for flow cytometric analysis or cell sorting. The anti-
gens used in this report were chosen according to the antibody 
specificity.

Flow cytometric analysis and sorting. Labeled mammalian 
cells were analyzed on a flow cytometer and the cell flow rate was 
adjusted to be between 500–10,000 cells/sec. The cell popula-
tion was gated by size scatter to analyze only the single cell popu-
lation and typically the data for 10,000 events were collected. 
For cell sorting, the gate conditions were first set up using non-
transfected parent cells and positive control cells. Only the cells 
that met pre-set conditions were bulk sorted or single cell sorted 
as needed.

Quantitative analysis of expression level and binding 
activity of surface-displayed antibodies. The binding activ-
ity of expressed antibody on the cell surface was analyzed by 
flow cytometry. The relative expression level was calculated as 
the fluorescent strength of expression (FSE) by the following 
formula:

FSE = % of light chain (or heavy chain) positive cells x Mean 
of florescent strength of expression signal.

The reactive binding activity was calculated as the fluorescent 
strength of binding (FSB) by the following formula:

FSB = % of specific antigen binding cells x Mean of fluores-
cent strength of binding signal.

The relative binding ability (RBA) of a specific antibody was 
normalized by its expression on the cell surface and calculated by 
the following formula:

RBA = FSB/FSE
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