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ABSTRACT
Phage display antibody libraries are a rich resource for discovery of potential therapeutic antibodies.
Single-chain variable fragment (scFv) libraries are the most common format due to the efficient display of
scFv by phage particles and the ease by which soluble scFv antibodies can be expressed for high-
throughput screening. Typically, a cascade of screening and triaging activities are performed, beginning
with the assessment of large numbers of E. coli-expressed scFv, and progressing through additional assays
with individual reformatting of the most promising scFv to full-length IgG. However, use of high-
throughput screening of scFv for the discovery of full-length IgG is not ideal because of the differences
between these molecules. Furthermore, the reformatting step represents a bottle neck in the process
because each antibody has to be handled individually to preserve the unique VH and VL pairing. These
problems could be resolved if populations of scFv could be reformatted to full-length IgG before
screening without disrupting the variable region pairing. Here, we describe a novel strategy that allows
the reformatting of diverse populations of scFv from phage selections to full-length IgG in a batch format.
The reformatting process maintains the diversity and variable region pairing with high fidelity, and the
resulted IgG pool enables high-throughput expression of IgG in mammalian cells and cell-based functional
screening. The improved process led to the discovery of potent candidates that are comparable or better
than those obtained by traditional methods. This strategy should also be readily applicable to Fab-based
phage libraries. Our approach, Screening in Product Format (SiPF), represents a substantial improvement
in the field of antibody discovery using phage display.

KEYWORDS
Antibody; phage display;
scFv; IgG; Screen in Product
Format (SiPF)

Introduction

Phage display antibody libraries are an important source of
therapeutic and reagent antibodies.1,2 The small size and good
solubility of phage particles and the combinatorial nature of
most antibody libraries allow as many as 1011–1012 unique anti-
bodies to be displayed and selected. In addition, the ability to
tailor in vitro selection parameters for defined antibody proper-
ties and the high-throughput nature of phage display system
make it a very powerful platform.3 Phage display antibody
libraries, and other in vitro antibody display methods such as
ribosome and mRNA display, usually make use of antibody
fragments such as antigen-binding fragments (Fabs) or single-
chain variable fragments (scFvs) due to difficulties in bacterial
expression, folding and display of full-length IgG molecules.
scFv phage libraries in particular are common because of the
simplicity of the display vector and higher expression levels of
scFv in Escherichia coli (E. coli) compared with Fab.4,5

Following in vitro selection, soluble scFv from single colonies
of E. coli can rapidly be expressed in sufficient amounts for
high-throughput screening (HTS),6-9 which helps to reduce the
number of scFv antibodies for further characterization. How-
ever, since the predominant antibody drug format is full-length
IgG, this screening is surrogate in nature and has disadvan-
tages, including the lack of consistency between the activity of
different formats, inability to assay for properties that are
dependent on bi-valent binding or Fc-mediated function of an
antibody, and the tendency of scFv antibodies to aggregate,
which leads to false positive or negative results.9 In addition,
endotoxin-sensitive, cell-based functional assays are not
compatible with scFv expressed in bacteria. This is a major
drawback since functional assays are typically the most valuable
in determining the most relevant antibodies. Moreover, these
assays also often require purification of scFv samples, which
reduces the throughput of the screens.
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Through HTS, scFvs are triaged and then converted to
whole IgG on an individual basis to preserve pairing of the vari-
able heavy (VH) and variable light (VL) chains. This is time-
consuming, labor intensive and low throughput. Therefore,
despite great progress made in HTS technologies, the functional
mining of large and diverse scFv phage display libraries
remains sub-optimal because the number of antibodies ulti-
mately assessed as full-length IgG is only a small fraction of the
selected repertoire. A recent trend in the field has been to
screen phage library outputs as scFv.Fc fusions, which resemble
IgG and are easier to make.10-13 These approaches add great
value to the screening and triaging of scFv antibodies for IgG
conversion, but do not overcome the known pitfalls associated
with converting scFv to IgG. For example, we and others have
repeatedly found that, during reformatting of scFv to IgG, there
is not only significant attrition, but also changes in properties
of the molecules such as affinity and activity14-16 (unpublished
results). We and others17-22 therefore suggest that screening of
selected phage display libraries directly as IgG would be a pre-
ferred approach for antibody discovery compared with surro-
gate approaches using scFv or scFv.Fc fusion proteins.

Several solutions to aid rapid scFv to IgG reformatting pro-
cess have been described. For example, Sanmark et al21 used
Type IIS restriction enzymes to perform high throughput con-
version of single framework-based scFvs to IgG. This approach,
however, cannot be applied to na€ıve libraries consisting of
many different frameworks of VH and VL. Others have used
rapid and efficient ligation-independent methods for cloning
scFv variable regions or Fab chains into IgG expression vec-
tors.17,18 Both techniques rely on ligation of multiple DNA frag-
ments at once, but require conversion on an individual basis
and are limited in the number of antibodies that can be tested
as full-length IgG. This limitation can be removed if scFv phage
display selection outputs, which are typically 105–107 in size,
can be converted to IgG in a batch format.

There are 2 reports on batch conversion of scFvs to IgGs.
Renaut et al19 inserted restriction enzyme sites flanking the
linker sequence of a single scFv construct from which they
made complementarity-determining region (CDR) variants for
affinity maturation. Using restriction enzyme digestion and
ligation, they selected scFvs and batch converted them to IgG
by substituting the linker with IgG expression elements and
constant domain sequences in a 2-step process. This approach
is appropriate for limited germlines because restriction sites
cannot be added to the V-domain-Linker boundaries without
introducing mutations in the V-genes. Using a model scFv,
Batonick et al22 reported batch reformatting of scFv to IgG via
the phiC31 phage integrase system in E.coli and expression of
IgG through the mammalian trans-splicing machinery. It is not
known if this technology can be applied in a library setting
because the (Gly4Ser)3 scFv linker

23 used for making scFv must
be substituted by the 13 amino acid long attP site. This is fur-
ther complicated by the insertion of 2 artificial 13 amino acid
long attL and attR peptides at the N-terminus of VL and
between the VH and CH1 domains, respectively. We developed
a novel platform that would: (1) enable batch conversion of
diverse scFv populations into IgG (in the size range of 105–107)
without introducing any mutations in the V-domains, (2) mini-
mize molecular cloning steps, (3) preserve the original pairs of

VH and VL chains from phage libraries, and (4) maintain the
enrichment and diversity of the different sequences in the
phage library output. We named this platform SiPF (Screening
in Product Format), and provide here multiple examples to
show that SiPF leads to the discovery of diverse and functional
antibodies. The strategy is easily adaptable in any molecular
biology laboratory using either scFv or Fab libraries to enable
more effective mining of phage display libraries for the discov-
ery of better antibodies.

Results

Batch conversion of scFv to full-length human IgG
for SiPF

We used a 2-step strategy for the scFv batch conversion. In step
1, the (G4S)3 scFv linker was replaced by a DNA segment cod-
ing for the hinge and constant domains for (HC) and the pro-
moter and signal sequence for (LC). This was achieved by PCR
of the phagemid library using 30 primers annealing to the
framework (FW)4 of the VH and forward or 50 primers anneal-
ing to the FW1 of the VL regions (the orientation of V-domains
in our scFv are VH-linker-VL). This is a critical step because it
ensures the linkage between VH-VL pairings throughout the
conversion process (Fig. 1A). The linearized phagemids are
complementary to the 50 and 30 ends, of a fragment that is PCR
amplified from a donor vector, pmDV (Fig. 1B). The donor
fragment encodes the following segments: (1) hinge and CH1-
CH3 of human IgG1; (2) translation stop site; (3) poly adenyla-
tion site; and (4) a cytomegalovirus (CMV) promoter and sig-
nal sequence for the LC. The linearized plasmid and the donor
fragment are ligated in frame by In-Fusion technology. This
results in an intermediate pool of phagemids that contains all
components necessary for IgG expression in mammalian cells
except the promoter and signal sequence for the heavy chain
and the constant domain of the LC (Fig. 1C).

In step 2, the incomplete IgG cassette from step 1 is PCR
amplified using 50 primers that anneal to the FW1 of VH and
add an overhang that anneals to the HC signal sequence in the
IgG vector (Fig. 1D), and 30 primers that anneal to the FW4 of
Vk and Vλ and add an overhang complementary to the light
chain (LC) constant domains in the IgG vector. The purified
PCR products were cloned into the IgG vector using In-fusion
cloning to give rise to IgG expression vectors that contain all
the elements for high level expression of the HC and LC. The
final expression vector is bicistronic with both HC and LC
under the control of a CMV promoter (Fig. 1E).

For any cloning step performed between the selection and
functional screening of an antibody population, it is essential
that the process maintains the original characteristics of the
selected population as much as possible, i.e., the population
should retain its sequence diversity, clonal representation and
the VH-VL pairings that have been enriched by the selection
process. However, inherent differences in PCR amplification or
expression bias of different scFv in the pool, as well as the
potential for mispairing of VH and VL regions by incomplete
extension in the PCR stages, are all potential factors that can
influence the composition of the IgG population. The opti-
mized SiPF population cloning process described here main-
tains the selected scFv population well, as described below.
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VH-VL pairing is maintained during batch
reformatting of scFv to IgG

Precise identification of selected VH-VL pairs following
population sub-cloning of very large (e.g., 106) and diverse
antibody repertoires is challenging due to limitations on
sampling size and the inability to discriminate between
newly created VH-VL pairings or previously non-sampled
VH-VL pairings. While next generation sequencing (NGS)
technologies allow large sequence data sets to be generated,
e.g., for 106 scFv antibody fragments, the sub-cloned popu-
lations in IgG format used here are too large in terms of
template length for current high-fidelity NGS capabilities.
Therefore, a ‘mini-library’ comprising 31 individual scFv of
known sequences was used to evaluate the maintenance of
correct VH-VL pairs. Batch conversion of the mini-library
to full-length IgG resulted in 55% of the IgG sequences

having the correct VH-VL pairing, with the remaining IgG
representing antibodies with newly created VH and VL
pairings (Fig. 2A). We also observe an »50% pairing rate
when this experiment is performed using 2 or 10 scFv, and
we suggest the pairing rate in diverse selection outputs may
also be maintained in the order of 50%, as indicated by the
tracking of common sequences that present in the SiPF
population, with half of the antibodies having VH regions
paired with the same VL region that was seen in the phage-
mid sample of sequences (data not shown). This result is
not surprising given the length of the PCR products gener-
ated (»5.5 kb at Step 1 and »3 kb at Step 2) and the fact
that the sequences of the amplicons are highly similar, for
example in the vector backbone regions. It is therefore
highly likely that VH and VL swapping occurs during PCR
due to incomplete extension and heterologous priming in
subsequent PCR cycles.24,25 In our initial work carrying out
batch reformatting for SiPF using standard PCR, including
the studies presented here, we were able to identify func-
tional antibodies from selections, indicating that a pairing
rate of »55% can be sufficient for success. However, a
higher degree of original VH-VL pairing is desired and may
be essential in some cases. This can be achieved by per-
forming the antibody amplification steps using emulsion
PCR, which separates the individual templates into micelles
and limits recombination between different antibody
sequences. When batch reformatting of the mini-library is
performed using emulsion PCR, the accuracy of the VH-VL
pairing increases to 90% (Fig. 2B).

Figure 1. Schematic representation of batch reformatting of scFvs to IgGs. (A)
Upper panel: Amplification of the phage display vector with 50 primers annealing
to VL FW1 and 30 primers annealing to VH FW4. This results in the amplification of
the whole plasmid except the linker between the VH and VL (dotted line). The pri-
mers carry complementary overhangs corresponding to the 50 and 30 ends of a
donor fragment (B). This donor fragment represents the hinge and IgG1 constant
domains followed by translation stop and polyA sites (in green) and the light chain
control elements consisting of the LC promoter and signal sequence (in blue). This
intermediate fragment is then fused in frame with VH and VL by means of In-
Fusion technology. The resulting pool of plasmids is shown in the bottom panel
(C, IgG intermediate pool). The IgG cassette from the intermediate vector pool is
PCR amplified using 50 primers that anneal to the FW1 of VH and 30 primers that
anneal to the FW4 of VL. The primers have overhangs to anneal to the signal
sequence of HC and 50 end of the Ck or Cλ. The PCR products are then cloned into
the IgG vector (D). The result is a pool of plasmid that codes for the entire HC and
LC and can express IgG in mammalian cells. HSS, heavy chain signal sequence.

Figure 2. Maintenance of VH and VL pairing during batch reformatting of a mini-
library of 31 scFvs with known sequences to full-length IgG. Antibody amplification
steps of the reformatting process were done using either standard aqueous PCR
conditions (A) or using emulsion PCR where DNA templates are separated within
water-in-oil droplets (B). scFv DNA sequences from each pool were identified by
their VH and VL CDR3 sequences. Numbers in the table show IgG sequences
observed with the certain VH and VL combinations indicated. IgG having the origi-
nal VH-VL pairing are indicated by shading. Values in square brackets indicate the
% correct pairing rate in each population from 86 or 87 scFv sequences analyzed.
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The enrichment of antibody sequences achieved during
phage display selection is maintained

An important requirement of any batch reformatting process is
the preservation of the diversity and relative abundance of the
various antibody sequences that have been selected from the
library. To evaluate these features, we compared the distribution
and diversity of the VH CDR3 sequences as scFv in a selected
phagemid library compared with IgG in the corresponding SiPF
population after batch reformatting. Sequencing of 129 and 176
individual colonies from the 2 pools, respectively, indicated that
about 84% of the scFv population, comprising 25 unique VH
CDR3 sequences, is represented in the IgG population. The 3
most prevalent VH CDR3 sequences comprising 43% of the
scFv population (19% of SEQ1, 16% of SEQ2, 8% of SEQ3)
remain the most common in the IgG population, comprising
49% of the population (19% of SEQ1, 13% of SEQ2, 17% of
SEQ3) (Fig. 3). The 16% of scFv sequences that were not seen in
the IgG population are the least frequent members present at
only 1 instance in the scFv population. These results, which are
representative of many populations subjected to the batch refor-
matting process, indicate that the clonal enrichment obtained
during phage display selection is broadly preserved when batch-
converted to IgG for SiPF.

Enrichment for full-length antibody sequences
during population cloning

One added advantage of the batch reformatting process is that
it can effectively enrich for antibodies having full-length

variable domains and reduce the number of truncated sequen-
ces in the population. It is known that phage display na€ıve anti-
body libraries tend to contain a small percentage of members
having in-frame deletions in their variable domains,,26,27 and
these may be enriched during selection to various extents and
more commonly in selections of na€ıve libraries on complex
antigens such as whole cells (unpublished observations). The
SiPF cloning process we describe here relies on the presence of
FW4 of VH and FW1 of VL, respectively, for amplification by
PCR. Furthermore, SiPF conversion involves steps of PCR
product purification from agarose gels where only products of
correct sizes are recovered, while incomplete scFv sequences
are removed in the cloning process. This is illustrated in Table 1.
Phage display selection performed on an ion channel protein
resulted in a scFv population with 66% of the population being
full-length at round 2. After batch reformatting for SiPF, anti-
bodies with full-length variable domains comprise 92% of the
final pool.

SiPF allows mining of the Vk population in phage
scFv library selection output

After selection of scFv phage libraries, the resulting antibody
populations often show a strong bias for Vλ scFv, as shown in
the example presented in Table 1. Such a bias for Vλ scFv has
been reported previously,15,17 and maybe due to the better
expression and secretion in E.coli of Vλ scFv, resulting in their
dominance during display and subsequent selection. One way
to avoid this Vλ dominance from compromising the ability to
sample the Vk population thoroughly is to perform separate
selection of Vλ and Vk only libraries. However, for existing
libraries in which Vλ and Vk are mixed, the use of separate
primer pools for amplifying Vλ and Vk containing scFvs with-
out cross-amplifying the other isotype allows the Vk population
to be amplified separately from Vλ and screened as IgG.

Expression levels of IgG in SiPF platform are sufficient
for screening

A good expression level is an important attribute for a robust
high throughput IgG screening platform. Our previous experi-
ence with IgG expression in 293F cells in 96-well plate formats
yielded expressions in the range of 0.4–40 mg/ml in about 90%
of the wells, with the remaining 10% showing no or little
expression (results not shown). While this is sufficient for sim-
ple binding assays, functional screens often require higher anti-
body concentrations. In addition, some assays are inhibited by

Figure 3. Representation of VH CDR3 sequences in scFv populations before and
after batch reformatting for SiPF. Randomly chosen individual colonies were given
an arbitrary identity based on their VH CDR3 sequence. Sequence representation is
shown as a percentage frequency in scFv (129 sequences) or SiPF (176 sequences)
populations. The 3 most frequent VH CDR3 sequences, and the representation of
other sequences, is broadly the same for both populations. 16% (scFv) and 23%
(SiPF) of the sequences in each population do not overlap, most likely due to sam-
ple size and the low probability of re-sampling relatively rare sequences.

Table 1. Comparison of variable domain sequences of phagemid scFv from Round 2 of selection and as VH and VL in IgG after batch reformatting to IgG.

PRE SiPF (phagemid) SiPF Vector

Library 1 Library 2 Library 1 Library 2

λ λ k
λ 352 k λ 264 k VH VL VH k VH VL VH VL

Total reads 229 5 136 27 176 176 176 176 176 176 176 176
Full length, in-frame scFv 66% 62% 157 166 148 167 161 165 158 164

89% 94% 84% 95% 91% 94% 90% 93%
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components of the conditioned media, and dilution to remove
the inhibition further reduces the antibody concentration. To
increase the final antibody concentration, we investigated
extending the expression time. Using a high-expressing anti-
body across 2 96-well plates, the mean titer rose from 44 §
5 mg/ml at day 7 to 76 § 10 mg/ml at day 12. However, at day
12 the viability of the cells had dropped to below 50%, and we
were concerned about an increase in host cell proteins from
lysed cells remaining in the conditioned media. We then inves-
tigated the Expi293F system using the same high-expressing
antibody. After 6 d the titer was very high (457 § 71 mg/ml)
across 2 96-well plates and cell viability remained above 90%.
This represents a 10-fold increase in expression level compared
with the 293F cells. The high titer of the Expi293F system was
confirmed in a panel of 1496 individual SiPF samples. We
obtained expression levels ranging from less than 1 mg/ml (6%
of samples) to over 200 mg/ml (5% of samples), with a mean
titer of 70 mg/ml (Fig. 4A). These values are higher than those
reported for 96-well plate expression of IgG from stable cell
lines selected by fluorescence-activated cell sorting for high
expression of the IgG chains.28

To determine whether the results was reproducible, we
expressed 352 SiPF samples in 2 different experiments.

Although the titers in the second experiment were higher
than those seen in the first experiment (p < 0.0001 Wilcoxon
matched pairs test), there was an excellent correlation between
the 2 (r2 D 0.924). The variation between the 2 experiments is
likely a property of the host cell passage number (unpublished
observations). The variations in individual titers are most likely
a property of the antibodies themselves rather than well-to-well
variation within the process (Fig. 4B). The higher expression
level possible with Expi293F cells opens up a much wider range
of functional assays to the SiPF platform. It also enables
increased dilution of conditioned media to remove inhibitory
factors for sensitive assays.

SiPF identifies potent, functional antibodies

We have compared traditional methods of scFv or
scFv.Fc-based screening to those obtained by SiPF in 2 separate
antibody generation campaigns. For comparison to scFv.Fc
screening, we used the identification of antibodies targeting
glucocorticoid-induced tumor necrosis factor receptor ligand
(GITRL) as an example. The modulation of the ligand’s interac-
tion with its receptor GITR by monoclonal antibodies is con-
sidered one strategy to modulate the human immune responses
in treating autoimmune diseases and cancer.29 For the identifi-
cation of neutralizing antibodies against GITRL, phage display
selections were either screened as scFv.Fc13 or batch-converted
to IgG format, as described herein. From the scFv.Fc screening
platform, 5 neutralizing antibodies were obtained from a total
of 6,000 scFv.Rc screened. These were then converted to IgG
and ranked by their inhibitory potencies. For SiPF, 192 SiPF
colonies were used for plasmid preparation and transfection in
96-well format. The IgG-containing supernatants were tested
for both GITRL binding and Jurkat-hGR-NFkB-Luc cell-based
anti-hGITRL functional analysis. Among the 192 colonies
picked, 39 (20%) showed hGITRL binding activity, and among
these 8 IgG displayed comparable or better GITRL inhibitory
activity than the top antibodies identified through scFv.Fc.
Therefore, both platforms were able to identify similar panels
of functional antibodies, with some overlap including the most
potent IgG. This was achieved, however, much more efficiently
by the use of SiPF (4% of individual colonies evaluated) com-
pared with the pSplice platform (0.8% of individual colonies
evaluated).

For comparison to scFv screening, we used the identifica-
tion of antagonistic antibodies against a cytokine as an
example. Phage display selection of 4 na€ıve scFv libraries30-
32 was performed. Antibodies from the second round of
selection of all 4 libraries were subjected to high-throughput
screening using a traditional scFv approach where single-
point screening of bacterially expressed periplasmic scFv
samples (3348 scFv tested) was followed by IC50 profiling of
a smaller number of purified scFv (61 scFv tested). Finally,
IC50 profiling of the most potent of these antibodies was
performed using full-length IgG format, which required
individual subcloning of VH and VL genes into IgG expres-
sion plasmids (10 IgG tested). Single-point screening and
potency assessment of the most active IgG molecules were
performed using a cell-based receptor inhibition reporter
assay. This strategy successfully identified a panel of

Figure 4. (A) Expression of 1496 IgG in Expi293F cells. Cells were transfected with
mini-prep DNA, harvested after 6 d and IgG expression levels was determined
using octet protein A. The mean titer for this set of antibodies was 70 mg/ml. (B)
Reproducibility of the high-throughput mammalian expression system. A set of
352 antibodies were expressed in 4 96-well blocks and the titer determined after
6-days (week 1). Two weeks later the same antibodies were re-expressed under
the same conditions (week 2). The expression of each antibody in each of the sepa-
rate instance is highly comparable.
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neutralizing antagonistic antibodies, the most potent being
Ab048, which had an IC50 in the reporter assay of 49 nM
(Fig. 5). In parallel to this work, 2 of the 4 selection outputs
were used to validate the SiPF process, where the selected
scFv phagemid populations were converted to full-length
IgG using the population cloning process described here.
Single-point screening of conditioned media from cells
expressing IgG was performed using the aforementioned
reporter assay. In total, 528 SiPF IgG samples were used for
single-point screening and 22 unique IgG were chosen for
re-expression and purification to determine EC50 values in
the same cell-based assay. The most potent antibody identi-
fied from this approach was Ab009, having an IC50 in the
reporter assay of 2.3 nM, which is 10 times more potent

than the best clone from the conventional approach
(Ab048; Fig. 5).

In both of these examples, SiPF enabled the more efficient
discovery of the most potent antibodies while avoiding surro-
gate screening steps. A typical comparison of SiPF and scFv for-
mat based screening is shown in Fig. 6.

SiPF facilitates antibody screening for binding to
complex membrane proteins

Complex membrane proteins such as G-protein-coupled recep-
tors (GPCRs) are valuable but challenging targets for antibody
discovery. Formyl peptide receptor-1 (FPR1) is a class A GPCR
with important roles in inflammation and represents an exam-
ple of a therapeutically relevant, complex membrane target for
antibody discovery. In several experiments, we have used scFv
libraries as a source of antibodies to FPR1, whereby scFv librar-
ies were selected by phage display on FPR1 over-expressing
cells, followed by high-throughput screening of scFv for bind-
ing to the same cells using fluorescence micro volume assay
technology (FMAT). We typically see high-level, non-specific
binding to both positive and negative cells in these experiments
(data not shown); therefore, it is our experience that bacterially
expressed scFv are not suitable for this type of screening cas-
cade. Using the SiPF platform for FMAT screening on FPR1
over-expressing cells, several novel antibodies with specific
binding to FPR1 were identified (Fig. 7). This highlights the
utility of SiPF to facilitate the identification of antibodies bind-
ing to complex membrane protein such as GPCRs through
improved cell-based assay.

Discussion

The small particle size, phenotype-genotype linkage and use of
E.coli expression for filamentous phage display of antibody

Figure 5. More potent anti-cytokine antibodies are identified by SiPF than by scFv
screening. Comparison of potency of the 2 leading antibodies identified from scFv
screening (Ab048) or SiPF screening (Ab049) of phage display selections that were
performed to identify an antagonistic antibody for a soluble cytokine. Neutraliza-
tion of 1nM cytokine-induced receptor activation by Ab048 and Ab009 are shown
in a cell-based receptor reporter enzyme complementation assay (PathHunter,
DiscoverRx).

Figure 6. Flow diagrams comparing typical routes from phage display selection to the identification of functional antibodies, highlighting the utility of the SiPF platform
in reducing surrogate steps (e.g., scFv format, binding based / biochemical) assays. Rapid conversion of phage scFv to IgG allows earlier analysis of larger numbers of IgG
in more relevant, functional cell-based assays.
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libraries confers unique properties not achieved by any other
system and provides a trove of valuable antibody molecules.1,2

However, antibody phage display libraries also face several
challenges that arise due to the E.coli-based expression and
screening of scFvs, given that the molecular nature and bio-
physical properties of scFv differ significantly from IgG, which
is typically the format in which the antibodies are ultimately
required. In fact, it has long been appreciated that direct screen-
ing of phage display libraries as IgG expressed in mammalian
cells is a more desirable path.17,20 This has not been possible to
date because reformatting of antibody fragments from scFv to
IgG requires the maintenance of the VH and VL pairing by
cloning each antibody individually and rendering the conver-
sion of large numbers of scFv to IgG, extremely labor intensive.

Here, we described a novel strategy for conversion of scFv
populations to IgG that does not require any specific library
design. This strategy uses a 2-step batch reformatting process
in which the first step is linearization of the phagemid scFv
population through PCR amplification of the VH and VL
regions linked by the phagemid vector backbone. This is funda-
mentally different from all the previous cloning strategies
which amplify VH and VL of individual antibodies through
separate PCR reactions, thereby creating the pairing dilemma.
The steps that follow ensure the resulting IgG pools maintain
the clonal diversity, as well as the enrichment of the parental
phage display selection pools. An essential and unique aspect
to this process is the use of water-in-oil emulsions for PCR
amplification steps to ensure correct VH-VL pairing is main-
tained with high fidelity.

We coupled this novel cloning strategy with an extremely
high titer mammalian expression system. Generating mean
antibody concentrations of »70mg/ml in only 6 d has enabled
the SiPF platform to be used in a wide variety of functional
assays. In addition, the conditioned media can be diluted while
retaining a high antibody concentration to remove any inhibi-
tory components for sensitive screens. The robustness of the
SiPF platform has been demonstrated through multiple quality
control experiments and sample parallel campaigns.

Interestingly, our examples of the utility of the SiPF platform
have yielded antibodies that meet or exceed the potency of
those obtained through the screening of larger numbers of scFv
or scFv.Fc. Overall, the SiPF platform does not merely serve to
maintain the VH-VL pairings during the conversion, but also

provides other benefits such as: the separate amplification of k
and λ clones ensures that the severely underrepresented Vk
clones would get an increased likelihood of being triaged; the
stringent PCR quality control in each of the amplification step
determine that only full-length antibody sequences are repre-
sented in the final IgG pools; and the mammalian cell-
expressed IgG in the protein-free medium enables more rele-
vant cell-based functional screening. However, given the small
number of campaigns performed so far this represents only a
promising first step in a new direction, and more data compar-
ing SiPF with other screening strategies should be accumulated
in the future.

It should be noted that our current SiPF strategy is generally
applicable to essentially all existing scFv- or Fab-based phage
display antibody libraries through appropriate design of suit-
able primers. An alternative IgG screening platform after Fab-
based phage library selection was reported previously, but this
depends on a specially designed phagemid vector for construct-
ing new libraries.34 Furthermore, the same principle adopted
by the SiPF platform can be used in any setting where pairwise
cloning of large number of samples in a library is desired.

Finally, the flexibility in the SiPF’s design easily allows the
introduction of various mutations to the Fc of the IgG vector,
thus accommodating special high throughput screening, such
as is needed for antibody-drug conjugate discovery programs.
We predict that the SiPF platform will provide an enabling shift
in the field of phage display and functional screening for anti-
body discovery.

Material and methods

Phage display selection

scFv phage display libraries30-32 were used for selections to
identify antibodies against various target proteins. For selection
on purified protein in solution, phage libraries were first
blocked with MPBS [1X phosphate-buffered saline (PBS), 3%
(w/v) non-fat dried milk powder] and deselected on Dynal
M-280 streptavidin-coated beads (Invitrogen) before incubat-
ing with the biotin-labeled antigen (25–100 nM) at room tem-
perature for one hour. Phage-antigen complexes were then
captured on streptavidin-coated magnetic beads and washed
3 times with PBST (1XPBS, 0.1% (v/v) Tween 20), PBST-L

Figure 7. FMAT analysis of cell-binding of anti FPR1 antibodies as IgG supernatant generated using the SiPF platform. Four different FPR1 binding antibodies identified
from cell-based phage display selections are shown. Hy38-1 SiPF is a positive control antibody known to recognize FPR133 that has been expressed using the SiPF
platform.
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(1XPBS, 0.01% (v/v) Tween 20) or PBS alone. Following wash-
ing, phage particles were eluted by incubation with 10 mg/ml
trypsin in 1XPBS at 37�C for 30 min. Eluted phage populations
were recovered and amplified for use in a further round of
selection by infection of logarithmic phase TG1 E. coli cells.
Typically, 3 rounds of selection were performed. For cell-sur-
face panning on GITRL, cells expressing the target antigen
were biotinylated by Sulfo-NHS-LC-LC-Biotin (Thermo Scien-
tific) according to the manufacturer’s instructions and selec-
tions were performed as described above except that phage
libraries were incubated with »2 £ 106 target-expressing cells
and a 10-fold excess of non-labeled parental cells not express-
ing the target, and selections were washed with cold 1X PBST
and 1X PBS. Cell-surface selection on FPR1 was performed
essentially as described above for soluble protein, except that
both cells and phage particles were pre-blocked with growth
media containing 10% (v/v) FCS, 6 to 8 washes to remove non-
bound phage were performed after selection by brief centrifu-
gation to pellet the cells and gentle suspension of cells in PBS,
and finally phage were eluted using 250 mg/ml trypsin.

Vector construction

Three plasmid vectors, a donor plasmid and 2 acceptor plas-
mids, were constructed to allow batch reformatting of scFvs
from phagemid vectors into full-length mammalian IgG in a
high-throughput manner. The donor plasmid (pmDV) was
constructed on a pUC vector backbone with a complete IgG1
HC constant region (hinge, CH1, CH2 and CH3), translation
stop and transcription termination signals, followed by a CMV
promoter and signal peptide for LC expression (Fig. 1B). Two
different acceptor plasmids were constructed using an in-house
pOE vector backbone with OriP and EBNA for high mamma-
lian protein expression.13 These plasmids contain a CMV pro-
moter, a signal peptide for HC expression, a cloning junction
and finally C-kappa (pmIgGk or C-lambda (pmIgGλ) for gen-
erating kappa and lambda IgG pools, respectively (Fig. 1D).

Mini-library creation

To evaluate the maintenance of VH-VL pairing during batch
reformatting of scFv populations to full-length IgG, a mini-
library was prepared that contained 31 scFv of known sequence.
The scFv antibodies comprising the mini-library were derived
from various pre-existing phage display selection outputs, and
were chosen essentially at random to assemble a population
broadly representing a ‘typical’ phage display antibody selection
output in terms of antibody sequence diversity. The scFv were
derived from phage display selections performed against differ-
ent target antigens (8 in total that included amix of soluble cyto-
kines and membrane proteins), all VH and VL regions were
unique and CDR3 regions ranged in length from 4 to 25 amino
acids. Overall, the 31 scFv contained a wide range of human
antibody germline families as would be expecting in a typical
phage display selection output. (VL germlines comprised
Vk1_A3, n D 1; Vk2_DPK15_(A19,A3), n D 2; Vk4_DPK24_
(B3), n D 1; Vlambda1_DPL1_(1a), n D 1; Vlambda1_DPL2_
(1c), n D 3; Vlambda1_DPL3_(1 g), n D 5; Vlambda1_DPL8_
(1e), n D 8; Vlambda2_2c, n D 1; Vlambda2_DPL11_(2a2), n

D 4; Vlambda3_DPL16_(3l), nD 2; Vlambda3_DPL23_(3r), nD
1; Vlambda6_6a, n D 1; Vlambda7_DPL19_(7b), n D 1. VH
germlines comprised Vh1_DP-10_(1–69), n D 4; Vh1_DP-14_
(1–18), n D 3; Vh1_DP-25_(1–03), n D 1; Vh1_DP-7_(1–46), n
D 4; Vh1_DP-8,75_(1–02), n D 2; Vh1_DP-88_(1-e), n D 2;
Vh3_DP-38_(3–15), n D 1; Vh3_DP-46_(3–30.3), n D 1;
Vh3_DP-47_(3–23), n D 8; Vh3_DP-49_(3–30.5), n D 1;
Vh4_DP-65_(4–30.1), n D 1; Vh5_5-a, n D 1; Vh5_DP-73_(5–
51), nD 1; Vh6_DP-74_(6–1), nD 1).

Batch reformatting of scFv populations to full-length IgG

The process of converting phage display scFv populations to
full-length IgG populations includes 2 major steps. Firstly, the
scFv population is linearized by PCR and the donor fragment is
introduced to generate an intermediate pool. Secondly, the par-
tial IgG expression cassette from the intermediate pool is
amplified by PCR and inserted into kappa or lambda acceptor
vectors to generate the final pool for full-length IgG expression
(Fig. 1). The 2 steps of PCR can be performed using standard
aqueous conditions as described below, or ideally can be per-
formed using emulsion PCR to maintain a higher fidelity of
VH-VL pairing during the batch reformatting process.

Phagemid DNA was purified from phage display selection
outputs and amplified by PCR using pools of 50 VL FW1 pri-
mers and 30 VH FW4 primers, resulting in linearization of the
phagemid pool. This linearization step results in a DNA frag-
ment containing all the elements of the display vector except
the linker between the VH and VL regions. A total of 6 V-
kappa FW1, 11 V-lambda FW1 and 3 VH FW4 primers were
used for maximal coverage of antibody germline genes
(Table 2). These 50 and 30primers carry overhangs complemen-
tary to overhangs on the 30 and 50 primers used to PCR amplify
HC constant regions and the LC control elements from the
donor plasmid pmDV (Fig. 1A and B). Kappa and lambda reac-
tions were performed separately to minimize cross-priming.

Table 2. Primers for intermediate pool generation. Sequences in red are comple-
mentary to the 50 end of VL FW1 (50 primers) or the 30 end of VH FW4 (30 primers).
Sequences in blue are overhangs in 50 primers that are complementary to the LC
control elements in the donor fragment. Sequences in green are overhangs in 30 pri-
mers that are complementary to the hinge region of IgG1 in the donor fragment.

50 kappa_1 GCTCCCCGGGGCGCGCTGT GAC ATC CAG WTG ACC CAG TCT
50 Kappa_2 GCTCCCCGGGGCGCGCTGT GAT ATT GTG ATG ACC CAS ACT
50 Kappa_3 GCTCCCCGGGGCGCGCTGT GAA ATT GTG WTG ACR CAG TCT
50 Kappa_4 GCTCCCCGGGGCGCGCTGT GAT RTT GTG ATG ACW CAG TCT
50 Kappa_5 GCTCCCCGGGGCGCGCTGT GAA ACG ACA CTC ACG CAG TCT
50 Kappa_6 GCTCCCCGGGGCGCGCTGT GAA ATT GTG CTG ACT CAG TCT

50 lambda_1 GCTCCCCGGGGCGCGCTGT CAG TCT GTG YTG ACK CAG CCR
50 lambda_2 GCTCCCCGGGGCGCGCTGT CAG TCT GCC CTG ACT CAG CCT
50 lambda_3 GCTCCCCGGGGCGCGCTGT TCC TAT GWG CTG ACT CAG CYA
50 lambda_4 GCTCCCCGGGGCGCGCTGT CWG CCT GTG CTG ACT CAG CCM
50 lambda_5 GCTCCCCGGGGCGCGCTGT TCT TCT GAG CTG ACT CAG GAC
50 lambda_6 GCTCCCCGGGGCGCGCTGT AAT TTT ATG CTG ACT CAG CCC
50 lambda_7 GCTCCCCGGGGCGCGCTGT CAG YCT GTA CTG ACT CAA CCG
50 lambda_8 GCTCCCCGGGGCGCGCTGT CAG RCT GTG GTG ACY CAG GAG
50 lambda_9 GCTCCCCGGGGCGCGCTGT CAG CCT GTG CTG ACT CAA TC
50 lambda_10 GCTCCCCGGGGCGCGCTGT CAG GCA GGG CTG ACT CAG CCA

30 heavy_1 TGGGCCCTTGGTCGACGC TGA GGA GAC RGT GAC CAG GGT KCC
30 heavy_2 TGGGCCCTTGGTCGACGC TGA AGA GAC GGT GAC CAT TGT CCC
30 heavy_3 TGGGCCCTTGGTCGACGC TGA GGA GAC GGT GAC CGT GGT CCC
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PCR was performed using KOD Xtreme Hot Start DNA Poly-
merase (Novagen) or CloneAmp HiFi PCR premix (Takara)
and reactions were typically performed for 17 cycles with dena-
turation at 98�C for 10 sec, annealing at 60�C for 30 sec and
extension at 68�C for 5 min. The donor fragment containing
the IgG1 HC regions and control elements described above
was prepared by amplification using the primers
50TCGACCAAGGGCCCATCCGTCTTCC and 50
ACAGCGCGCCCCGGGGAGCCAGAGC (Fig. 1B). The
donor fragment was then cloned into the linearized phagemid
vector by In-Fusion cloning using the In-Fusion HD Cloning
Kit (Takara). The resulting intermediate pool consists of anti-
body cassettes with complete IgG1 HC and a partial LC region,
but lacks the HC control elements and the LC constant domain.
Plasmid DNA was then purified from the intermediate pool
and the antibody cassette was amplified by PCR using pools of
50 VH FW1 and 30 VL FW4 primers. A total of 9 VH FW1, 3
V-kappa FW4 and 3 V-lambda FW4 primers were used to
amplify the antibody cassettes in separate kappa and lambda
reactions (Table 3). PCR was performed for 18 cycles with
denaturation at 98�C for 10 sec, annealing at 62�C for 30 sec
and extension at 68�C for 3 min. The amplified antibody cas-
settes were In-Fusion cloned into the acceptor vectors pmIgGk
and pmIgGλ to generate the final kappa and lambda full-length
IgG pools from the single starting scFv population. Throughout
the process, all DNA fragments were gel purified to remove
non-specific or truncated products. Individual bacterial colo-
nies from phage display selection outputs as well as intermedi-
ate and final cloned pools were grown overnight and used for
Sanger DNA sequencing to assess diversity and representation
of the antibody populations.

Emulsion PCR

The PCR amplification of antibody populations of Step 1 and Step
2 can be performed using water in oil emulsions to limit cross-
hybridization of incomplete extension products. Emulsions were
prepared for PCR using the Micellula DNA Emulsion & Purifica-
tion Kit (Roboklon, E3600), according to manufacturer’s recom-
mendations. Emulsion PCR was optimized for template amount,
i.e., the number of DNA molecules per micelle, the ideal amount

being a balance between fidelity and yield (lower DNA amounts
give more micelles that contain only one template, but yields are
also lower).We have found the use of 100 ng of DNA template in a
200 ml aqueous PCR reaction emulsified with 1.2 ml micelle com-
ponents gives an optimal yield and pairing fidelity. An emulsion
component premix was prepared by combining 880 ml Compo-
nent 1, 80ml Component 2 and 240ml Component 3 per reaction.
This wasmixed vigorously using a high speed shaker, e.g., a Qiagen
TissueLyser at 25Hz for 5min. 200ml standard aqueous PCR reac-
tionmix containing 100 ng DNA template were prepared using the
reagents and primers described previously and added to the 1.2 ml
emulsion premix.Water-in-oil droplets ready for PCRwere created
by high-speed shaking of the aqueous phase and emulsion mix at
15Hz for 5min. The emulsion was aliquoted into tubes suitable for
use in a thermal cycler and 25 cycles of amplification were per-
formed using the thermal cycling conditions as described previ-
ously for standard PCR. Following amplification, aliquots of the
same reaction were pooled into a single tube and the emulsion was
opened by the addition of 1.5 ml isobutanol. DNA was then
extracted from the opened emulsion PCR reactions using the col-
umn purification reagents provided.

Detection of anti-GITRL antibodies using a
Jurkat-hGR-NFkB-Luc based assay

This method is based on the finding that GITRL binds to its
receptor on GITR-expressing cells and triggers NF-kB
activation. A Jurkat cell line (Jurkat-hGR-NFkB-Luc) stably
expressing human GITRL receptor (hGR) and carrying a NF-
kB-controlled luciferase gene was generated in-house.
Recombinant trimeric hGITRL was also generated in-house.
For screening of hGITRL inhibitory antibodies, 50 ml cell
culture supernatant from high throughput IgG transfection
serially diluted in RPMI (Life Technology, #11875–093) was
mixed with 10 ml of 1 mg /ml hGITRL and 40 ml of Jurkat-
hGR-NFkB-Luc at a density of 1.25 £ 106/ml. The resulting
reaction mixture contained 0.1 mg /ml hGITRL, 50K Jurkat-
hGR-NFkB-Luc cells, and various concentrations of
anti-hGITRL IgGs in a volume of 100 ml. Antibodies s7F5 and
s1F9, derived from the conventional scFv.Fc screening plat-
form,13 were used as positive controls, and CAT2 IgG was used

Table 3. Primers for final IgG pool generation. Sequences in red are complementary to 50 end of VH FW1 (50 primers) or the 30 end of VL FW4 (30 primers). Sequences in
blue are overhangs in 50 primers that are complementary to the HC signal sequence region of the IgG acceptor vector. Sequences in black are overhangs in 30 primers
that are complementary to the 50 end of either the kappa or lambda CL region of the IgG acceptor vector.

50 heavy_1 TCTCCACAGGTGTACACTCC CAG RTG CAG CTG GTG CAR T
50 heavy_2 TCTCCACAGGTGTACACTCC SAG GTC CAG CTG GTR CAG T
50 heavy_3 TCTCCACAGGTGTACACTCC CAG RTC ACC TTG AAG GAG T
50 heavy_4 TCTCCACAGGTGTACACTCC SAG GTGCAG CTG KTG GAG
50 heavy_5 TCTCCACAGGTGTACACTCC CAG GTG CAG CTA CAG CAG T
50 heavy_6 TCTCCACAGGTGTACACTCC CAG GTA CAG CTG CAG CAG TC
50 heavy_7 TCTCCACAGGTGTACACTCC GAR GTG CAG CTG GTG CAG
50 heavy_8 TCTCCACAGGTGTACACTCC CAG STG CAG CTG CAG GAG TC
50 heavy_9 TCTCCACAGGTGTACACTCC GAG GTG CAG CTG TTG GAG TCT

30 kappa_1 GTGCAGCCACCGTACGTTT GAT HTC CAC YTT GGT CCC
30 kappa_2 GTGCAGCCACCGTACGTTT GAT CTC CAG CTT GGT CCC
30 kappa_3 GTGCAGCCACCGTACGTTT AAT CTC CAG TCG TGT CCC

30 lambda_1 AGTGACCGAGGGCGCCGCCTTGGGCTGACC TAG GAC GGT GAC CTT GGT CCC
30 lambda_2 AGTGACCGAGGGCGCCGCCTTGGGCTGACC TAG GAC GGT CAG CTT GGT CCC
30 lambda_3 AGTGACCGAGGGCGCCGCCTTGGGCTGACC GAG GAC GGT CAG CTG GGT
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as negative control. Purified IgGs were spiked into spent culture
medium to a final concentration of 140 mg/ml, put through the
same serial dilution process performed for all other superna-
tants, and used in the screening assay. The mixture was incu-
bated in a white, 96-well plate with a flat, clear bottom
(Corning Costar #3903) at 37�C for 4 hours. The plate was
then centrifuged at 500 g for 4 min at room temperature.
Supernatant was then discarded, followed by the addition of
20 ml/well 2x CCLR (Cell Culture Lysis Reagent, 5x, Promega #
E1531). The plate was shaken vigorously on a plate shaker at
500 rpm for 5 min at ambient temperature. 100 ml/well lucifer-
ase substrate, prepared as suggested by the manufacturer
(Luciferase Assay System, Promega, #E1501), was added to
each well and luminescence intensity was measured immedi-
ately on an Envision Multi-label plate reader (Perkin Elmer).
The inhibitory effect of the IgGs was calculated as (1-test
IgGCPS /control IgGCPS) £ 100 where “test IgGCPS” repre-
sents the luciferase activity from a well containing an IgG with
unknown activity and “control IgGcps” represents the lucifer-
ase activity from a well containing a control IgG without any
inhibitory activity.

Detection of anti-cytokine neutralizing antibodies using
an enzyme fragment complementation assay

Inhibition of cytokine-induced signaling was measured using a
commercially available cell line from the DiscoverX
PathHunter� range. This cell line is engineered to express the
cognate human cytokine receptor and 2 inactive fragments of
b-galactosidase, such that receptor activation leads to enzyme
fragment complementation and detection of activity in the
form of chemiluminescence. For high-throughput screening,
conditioned media from cells expressing IgG (final concentra-
tion of 10–25% in the final assay volume) were incubated with
cytokine (final concentration of 1 nM) for 30 mins to 1 hour at
room temperature. 10 ml of this premix was then added to
20 ml of PathHunter� cells in quadruplicate and incubated for
3 hours at room temperature. 12 ml of a detection reagent and
substrate mix was added to each well for a further hour at
room temperature and luminescence was measured using an
Envision plate reader. For IC50 measurement, serial dilutions of
purified test IgG samples were assayed as described above.
Appropriate scFv and IgG negative controls were included in
all assays. Data were calculated as mean % of control agonist §
SD (wells with cytokine alone) and plotted in GraphPad Prism
5.00 for Windows (GraphPad Software Inc.) using sigmoidal 4
parameter nonlinear regression to determine IC50 values.

High throughput screening for the identification
of antibodies binding to FPR1 using FMAT�

FMAT� technology was used to measure the ability of full-length
IgG antibodies to bind to FPR1-expressing cells as an example of
the utility of SiPF for screening for binding to complexmembrane
proteins. Conditioned media from HEK293-expressing IgG were
combined with anti-human AlexaFluor 647 labeled antibody
(Life Technologies) and either cynomolgus FPR1-expressing Chi-
nese hamster ovary (CHO) cells or non-transfected CHO cells.
Assay plates were incubated at room temperature for 3 hours

before fluorescence was measured using an FMAT 8200 cellular
detection system (Applied Biosystems). Appropriate IgG controls
were included in all assays. Data was analyzed using the FMAT
analysis software and events were gated based on fluorescence
(FL1). A minimum count of 20 events was set as a threshold
before data was reported for each well.

Expression and quantitation of full-length IgG

Individual colonies from full-length IgG populations were
grown overnight in 96-well microtiter plates for high-through-
put plasmid DNA purification using the Agencourt CosMC-
Prep kit (Beckman Coulter) on a Biomek FX (Beckman
Coulter) liquid handling robot with a Cytomat Microplate hotel
(Beckman Coulter). Using this set up 16 microtiter plates can
be processed by one person in a day delivering 90 mL of DNA
at 100 ng/mL for each plasmid. Purified DNA was then trans-
fected into Expi293F cells (Thermo Fisher, UK) using the Expi-
Fectamine 293 transfection kit (Thermo Fisher, UK) in a
volume of 300 mL in 96 deep-well blocks. Transfection was per-
formed using a MiniTrak liquid handling robot (Perkin Elmer,
UK) installed in a Robotic Bio Enclosure (CAS, UK) to reduce
contamination levels. Transfected plates were grown at 37�C
with 5% CO2 shaking at 350 rpm in a Khuner ISF1-X shaking
incubator. Culture supernatant containing secreted IgG was
harvested after 6 d by pelleting cells with centrifugation at
2000 g for 15 min and transferring 250 mL cell-free supernatant
to a 96-well plate. IgG concentrations of culture supernatants
were quantitated by Bio-Layer Inferometry using Protein A
biosensors in conjunction with the OctetRED384 system (For-
teBio). The rate of binding to the Protein A sensors was mea-
sured and sample IgG concentrations determined by
comparison to a standard curve of known IgG concentrations.
The IgG containing supernatant was then used in high-
throughput biochemical or cell-based assays as described.

For further characterization of individual IgG, expression
was scaled up using a proprietary high-yielding CHO transient
system.24 Expressed IgG was purified from the culture medium
using MabSelect SuRe (GE Healthcare, UK) and buffer
exchanged into PBS using a PD10 column (GE Healthcare,
UK). The concentration of IgG was determined spectrophoto-
metrically using an extinction coefficient based on the amino
acid sequence of the IgG. Purified IgG were assessed for purity
and integrity using SDS-PAGE and HPLC-SEC.
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