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REPORT

A next-generation Fab library platform directly yielding drug-like antibodies with 
high affinity, diversity, and developability
Fortunato Ferrara a*, Adeline Fanni a*, Andre A. R. Teixeira b†, Esteban Molina a, Camila Leal-Lopes b‡, 
Ashley DeAguero a, Sara D’Angelo a, M. Frank Erasmus a, Laura Spector a, Luis Antonio Rodriguez Carnero b, 
Jianquan Li a, Thomas J. Pohl a, Nikolai Suslov c§, Klervi Desrumeauxd, Conor McMahon c, Sagar Kathuria c, 
and Andrew R. M. Bradbury a

aSpecifica LLC, a Q2 Solutions Company, Santa Fe, NM, USA; bNew Mexico Consortium, Los Alamos, NM, USA; cSanofi, Large Molecule Research, 
Cambridge, MA, USA; dSanofi, Large Molecule Research, Vitry-sur-Seine, France

ABSTRACT
We previously described an in vitro single-chain fragment (scFv) library platform originally designed to 
generate antibodies with excellent developability properties. The platform design was based on the use 
of clinical antibodies as scaffolds into which replicated natural complementarity-determining regions 
purged of sequence liabilities were inserted, and the use of phage and yeast display to carry out antibody 
selection. In addition to being developable, antibodies generated using our platform were extremely 
diverse, with most campaigns yielding sub-nanomolar binders. Here, we describe a platform advance
ment that incorporates Fab phage display followed by single-chain antibody-binding fragment Fab 
(scFab) yeast display. The scFab single-gene format provides balanced expression of light and heavy 
chains, with enhanced conversion to IgG, thereby combining the advantages of scFvs and Fabs. 
A meticulously engineered, quality-controlled Fab phage library was created using design principles 
similar to those used to create the scFv library. A diverse panel of binding scFabs, with high conversion 
efficiency to IgG, was isolated against two targets. This study highlights the compatibility of phage and 
yeast display with a Fab semi-synthetic library design, offering an efficient approach to generate drug-like 
antibodies directly, facilitating their conversion to potential therapeutic candidates.
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Introduction

Over 130 therapeutic antibodies have been approved in the 
US (www.antibodysociety.org/antibody-therapeutics-product 
-data.), with immunization being the commonest method 
used to generate leads, notwithstanding notable drawbacks, 
such as difficulties in obtaining antibodies with highly spe
cific or challenging recognition specificities,1 the need to 
clone V genes for downstream engineering (including huma
nization for wild-type mice), developability improvement, 
the time needed for the immune response, the use of ani
mals, and, thus, the lack of suitability for non-immunogenic 
or highly toxic targets. Display technologies, on the other 
hand, can easily provide antibodies against non- 
immunogenic or highly toxic targets, and careful selection 
procedures can direct binding to specific epitopes, confor
mations, isoforms, or cross-reactivities. Phage and yeast 
display1 are the most successful antibody discovery display 
platforms, and particularly powerful when combined.2–4 

Phage libraries provide enormous initial diversity, while the 

ability to use fluorescent-activated cell sorting (FACS) with 
yeast libraries affords tremendous versatility, allowing fine- 
tuning of specific binding properties after diversity has been 
reduced to a broadly binding population by a couple of 
rounds of phage display. Notwithstanding the dominance 
of immunization, display technologies are widely used in 
the discovery of diagnostic and therapeutic antibodies and 
may replace immunization as the preferred way to generate 
therapeutic antibodies given the enormous recent improve
ments in libraries and selection methods.4–9

The single-chain variable fragment (scFv) format10 has been 
the format of choice for many groups,6,11–16 with the antigen- 
binding fragment (Fab) format an alternative.17–24 Both have 
their advantages and disadvantages. For example, scFvs are 
generally less stable, more prone to aggregation and more chal
lenging to convert to full-length IgG,25–28 while Fabs are larger 
molecules requiring two separate polypeptide chains to be pre
cisely assembled with a disulfide bond, resulting in worse fold
ing, decreased solubility, display and lower expression level in 
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Escherichia coli (E. coli).29 While over 100 phage-based antibody 
libraries have been described (see9 for an overview), very few 
scFv30 or Fab27,31,32 libraries have been displayed on yeast, with 
yeast mating, rather than cloning, being the commonest way to 
generate diversity in Fab libraries. The need to separately express 
VH and VL chains can result in the display of unpaired VH- 
CH1 chains with specific binding activity in both yeast27 and 
phage display formats,33,34 the selection of which can result in 
the domination of selection outputs by heavy-chain only bind
ing clones, rather than desired binders containing both VH and 
VL chains, a problem that can be mitigated by staining yeast 
with reagents specific for the soluble chain, rather than that 
tethered to the yeast surface.

A single-chain Fab (scFab) format, inspired by a previously 
described single-chain IgG format,35 has also been 
developed,36 in which a linker connects the C terminus of the 
CL with the N terminus of the VH (or vice versa), and has been 
used in phage,36–39 yeast39–41 and mammalian display.42 In 
theory, the scFab format should combine the main advantages 
of scFv and Fab, in that it is encoded by a single gene format, 
but also comprises both CH1 and CL, which are expected to 
impart additional stability and more straightforward conver
sion to IgG. However, like scFvs,5,6 not all IgGs convert effec
tively into scFabs40 and not all scFabs convert into IgGs,43 and 
there is some uncertainty as to whether the scFab format dis
plays better than the traditional Fab.40 Here, we explore the 
display of scFabs and their conversion into IgG.

In this study, we describe a Fab phage display library built 
using the same principles previously developed for a scFv 
library6 that generated extremely high affinity antibodies.4,5,44 

A key feature of that platform was the combination of phage 
and yeast display: phage display was used to reduce diversity to 
an enriched binding population, while yeast display was then 
used to sort for high affinity binders by FACS. While transfer 
from Fab-phage display to Fab-yeast display is feasible, we 
reasoned that transferring Fab-phage to scFab-yeast avoided 
the limitations of Fab display on yeast, ensuring balanced 
expression and display of VH and VL chains, whereas in the 
traditional Fab format, either VH or VL may be overexpressed 
relative to the other, resulting in chain imbalance.

Materials and methods

Library construction

Construction of the Fab phage display library was performed 
following the general strategy described in Teixeira et al.6 where 
an scFv library was developed and validated. Briefly, the Fab 
library is a semi-synthetic library, where the natural HCDR3 
diversity is recovered from CD19+ B-cells obtained from fresh 
leukapheresis of 10 healthy human donors, while the germline 

matched LCDR1–3 and HCDR1–2 diversity were obtained from 
a NGS dataset derived from 40 donors, where all sequence 
liabilities and anomalous lengths were excluded, as previously 
described.6 Oligonucleotides encoding HCDR1–2 and LCDR1– 
3, from which the sequence liabilities were purged, were synthe
sized on an array-based platform (Agilent). The different CDR 
collections (e.g., HCDR1, HCDR2) were individually cloned 
into five different scFv scaffolds corresponding to the Fabs 
(Table 1) and filtered for well-expressing CDRs by yeast display, 
as previously described.6 We have found that cloning the differ
ent oligo-synthetized CDR collections into an scFv format as 
single CDR libraries, and sorting/filtering for well-displaying 
CDRs helps improve the quality of the library. The filtered 
CDRs are then recovered and cloned into the final Fab scaffolds, 
as shown in Figure 2a. The filtered CDRs from each of the 
libraries were subsequently amplified along with their flanking 
framework regions. VL-CL and VH-CH1 were first assembled 
separately and finally combined into a VL-CL – VH-CH1 PCR 
product. The Fab amplicons were digested using BssHII and 
NheI (R0131L and R0199L, NEB) and ligated into the pANDA5 
Fab phagemid vector, derived from the pDAN5 scFv vector15 

previously digested with the same enzymes. pANDA5 differed 
from pDAN5 by having: 1) no lox site between heavy and light 
chains; 2) having the VL coupled to a codon-optimized light 
chain constant region and the VH with a IgG1 derived, codon- 
optimized, CH1; 3) using a truncated form of g3p in place of the 
full length, and 4) having two independent PelB-derived leaders 
for the expression of the two antibody domains. Ligation pro
ducts were transformed into E. coli TG1 strain (60502–2, 
Lucigen) by electroporation to obtain ~1.6 × 1010 transformants.

Sanger analysis of Fab library and ELISA assessment of 
display in the naïve library packaging

A total of 192 clones obtained from directly plating serial dilu
tions of each Fab sub-library (prepackaging) were sequenced 
using primers upstream and downstream of the region encoding 
the Fab sequences. Sequence data were filtered for an average 
Q-score ≥40, no mixed traces, no ambiguity at VL or VH and 
non-redundant (clone picked twice by accident). Valid clones 
containing open reading frames were classified as functional.

For post-packaging analysis, polyclonal phage was generated 
from the naïve library and used to infect E. coli cells, followed by 
single colony picking and sequencing as described above.

The same colonies used for Sanger Sequencing, pre- and 
post-packaging, were used to produce monoclonal phage, and 
tested in a sandwich ELISA. 96-well microtiter plates were 
coated with anti-Fab antibody (I5260, Millipore Sigma) in 
phosphate-buffered saline (PBS) overnight at 4°C, blocked 
with 5% milk, incubated with supernatant from phage cultures 

Table 1. Scaffolds used to build the Fab phage display library.

Library Therapeutic
Clinical 
status Type

VH 
germline

VL 
germline Original target

Heavy fr1-3 mutations from 
germline

Light fr1-3 mutations from 
germline

Lib1A Abrilumab (1A) Phase 2 Human VH1-24 Vκ1-12 α4β7 integrin 2 1
Lib3B Crenezumab (3B) Phase 3* Humanized VH3-7 Vκ2-28 1-40 β-amyloid 3 1
Lib4A Necitumumab (4A) Approved Human VH4-30-4 Vκ3-11 EGFR 4 1
Lib7A - - Human VH3-48 Vκ1-33 - 3 0
Lib8B Adalimumab (8B) Approved Human VH3-9 Vκ1-27 TNFα 4 1
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for 1 h, washed, and probed with and anti-M13 antibody 
coupled with horseradish peroxidase (HRP) (11973-MM05T 
-H, Sino Biological). Wells showing signal 5-fold above back
ground were considered positive for display.

Pacbio sequencing and analysis

The entire Fab cassette was amplified from the cloned library 
using specific flanking primers, gel purified, and sequenced 
using Pacbio Sequel II. Reads were filtered for length (1,000 to 
1,300 bp), quality (all bases with Q-score ≥75) and annotated 
using an internal tool (IgMatcher, available from eyesopen. 
com/orion/antibody-discovery-suite). For the calculation of 
frequency, clones were defined by the concatenated CDR 
sequences.

Novaseq sequencing

The VH portion of the cloned library was amplified using 
flanking specific primers, gel purified, and sequenced in 
a single lane of Novaseq S4 2 × 150bp. The HCDR3 sequences 
were extracted, translated and only functional sequences (in 
frame and no stop codons) were considered for diversity 
calculations.

Fab library phage production and QC

Phage particles were produced by inoculating bacteria from 
each of the five libraries into terrific broth (TB) media + 3% 
dextrose +100 µg/ml carbenicillin and growing at 37°C to 
OD600nm = 0.5. The bacteria were then infected with the 
helper phage M13K07 (MOI = 10) and grown overnight in 
TB media +100 µg/ml carbenicillin and 50 µg/ml kanamycin 
at 25°C for phage production. The following day, phages were 
precipitated from the supernatant using PEG/NaCl. Western 
blot analysis of Fab displayed on phage particles was per
formed on PEG precipitated phage from each sub-library by 
electrophoresis using the NuPAGE gel system (Life 
Technologies). After electrophoresis, proteins were transferred 
to nitrocellulose using a semidry blot apparatus. The mem
brane was blocked with 3% milk PBST for 1 h at room tem
perature. This was then incubated in 1 mg/ml of anti-Myc- 
HRP conjugated antibody (ThermoFisher, Cat# MA1–21316- 
HRP, RRID:AB_2536997) in 2% milk PBST for 1 h at room 
temperature. The blot was washed 2 × PBST and 1 × PBS for 
5 min each. After washing, the HRP activity was detected using 
chemiluminescent substrates (ThermoFisher, Cat# 34075).

Fab phage-display selection

Fab fragments were selected by phage display from the library 
using a previously described protocol.2,3 Briefly, selections 
were carried out in parallel in solution on two target antigens 
using phage produced from each of the five separate sub- 
libraries. The selections were performed using the automated 
Kingfisher magnetic bead system (ThermoFisher) using 320  
nM of biotinylated hIFNα-2b (GenScript, Cat # Z03002) or 
330 nM of biotinylated SARS-CoV-2 RBD (ACRO Biosystems, 
Cat # SPD-C82E9). Targets were incubated with the phage 

antibody library, and binding phage captured using streptavi
din conjugated magnetic beads (Dynabeads M-280, 
ThermoFisher, Cat # 11205D). Non-binding phage was 
removed with a series of washing steps. After propagation of 
the eluted phages, the selection cycle was repeated for a total of 
three rounds. Increased stringency (longer washes) was used in 
the second and third selection rounds. Bound phages are 
recovered from the beads by acid elution and used to infect 
XL1Blue (Agilent). Ninety-five bacterial colonies from the 
final selected populations were Sanger sequenced to assess 
diversity of the antibody population and screened by phage 
ELISA in parallel (see below). Clone sequences were included 
in the analysis if they fulfilled the following criteria: both 
forward and reverse reads have an average Q-score ≥40; both 
forward and reverse reads are free of mixed traces in the CDR 
regions; no ambiguous nucleotides in either VL or VH; func
tional clones were defined as lacking frameshifts or stop- 
codons in VL or VH regions, having the correct JK/CK junc
tion (last 3 bp in JK and first 30 bp in CK checked), and having 
the correct signal sequence upstream of VH (30 last bp of the 
signal sequence checked).

Phage ELISA

Phage ELISA was performed to determine binding activity of 
the polyclonal phage after three rounds of selection and for 
monoclonal binding validation before Sanger sequencing 
screening. ELISA wells (Nunc Maxisorp) were coated with 
0.5 µg neutravidin per well overnight at 4°C. The 
following day, after washing away the excess neutravidin, 
0.2 µg per well of biotinylated hIFNα-2b or SARS-CoV-2 
RBD or a 1:700 dilution of anti-Human IgG Fab-specific anti
body in PBS (Millipore Sigma-Aldrich, Cat #I5260-1 mL, 
RRID:AB_260206) were added. Polyclonal phages were diluted 
1:10 in PBS containing 5% (w/v) skim milk. Monoclonal phage 
supernatant was diluted 1:1 in phosphate-buffered saline (PBS) 
containing 5% (w/v) skim milk. Diluted phages were incubated 
in the antigen-coated wells for 1 h at room temperature. After 
a rinse step, anti-M13- horseradish peroxidase (HRP) 
(SinoBiological, Cat# 11973-MM05T-H,) was added and incu
bated for 1 h at room temperature to detect the binding phage. 
3,3’,5,5’-tetramethylbenzidine (TMB) was used to develop the 
colorimetric assay, which was stopped with 1 M H2SO4. The 
signal was measured at absorbance 450 nm.

Two-step PCR conversion of Fab phage display into scFab 
yeast display

The overall strategy is illustrated in Figure 2. After isolating the 
Fab phage display vector by miniprepping, an inverse PCR was 
performed with primers design to overlap with the linker 
(primers are described in Supplementary Table S1B). The 
inverse PCR product was then treated with DpnI (New 
England Biolabs, Cat # R0176S) to digest the methylated (par
ental) vector and was gel purified. In parallel, the linker was 
PCR amplified, cleaned (Zymo Research, Cat # D4004,), and 
cloned into the product of the inverse PCR by homologous 
recombination using the NEBuilder® HiFi DNA Assembly 
Master Mix (New England Biolabs, Cat # E2621L), to generate 
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scFabs within the phage vector. These scFabs were PCR ampli
fied with primers containing 5’ overhangs that overlapped with 
the yeast vector and were cloned into the yeast vector by gap- 
repair (EBY100).45

scFab yeast display selection

The yeast transformed with the scFab yeast display vector were 
induced to display scFab and enriched for specific binders by 
flow cytometry-guided sorting (FACSAria, Becton Dickinson), 
using previously described protocols.2,3 The final binding 
populations were further characterized at the monoclonal 
level by miniprepping the final yeast output and transforming 
One Shot™ OmniMAX™ 2 T1R Chemically Competent E. coli 
(Thermo Fisher, Cat # C854003). Ninety-five isolated colonies 
were Sanger sequenced (Supplementary Table S2 for primer 
sequences) to identify unique clones that were then trans
formed back into yeast to evaluate the binding of the scFab 
to their target. A unique clone was defined as a binder if the 
binding fluorescence was 5-fold higher than the background 
fluorescence generated in the presence of an off-target.

Generation of amplicons for PacBio sequencing for 
selection outputs

The yeast previously transformed with the scFab yeast display 
vector were diluted to OD600 = 0.5 in 10 mL of yeast selective 
media (SD-CAA), supplemented with kanamycin and tetracy
cline, and grown at 30°C overnight at 250 rpm to reach OD600 
≥4. Four mL of culture was pelleted and vortexed with an equal 
volume of 0.5 mm glass beads (BioSpec Products. Cat # 
11079105) in Qiagen buffer P1 and subjected to vigorous vor
texing for 10 min, before proceeding with the Qiagen QIAprep 
Spin Miniprep Kit protocol. Extracted DNA was stored on ice 
and used the same day. The Fab portion of the cloned subli
braries was PCR amplified using high fidelity polymerase (NEB, 
Cat # M04916S) and the primers VL-NGS-F and JH-NGS-R 
(Supplementary Table S2) with a unique combination of for
ward and reverse in-line barcodes for each sample. A 5 µl of 
each sample were run on a 1% agarose gel and BioRad Image 
Lab software was used to perform relative quantification of the 
appropriate ~1300 bp band. Samples were pooled equally by 
mass, and pooled PCR products were gel purified. Purified 
samples were eluted and quantified using a Qubit fluorometer 
and 500 ng of the PCR amplicons were used to prepare a library 
for sequencing on a PacBio Sequel II using a 15-h run (service 
provided by BYU-DNA sequencing center).

PacBio data processing and analysis

The CCS FASTQ reads were first filtered for length and per- 
base quality: reads are retained if they are 1000–1300 bp and 
every base call has a quality score of ≥Q40. Reads were then 
annotated using AbXtract, Specifica’s annotation tool against 
the scaffolds used to construct the library. The presence of 
specific sequence liabilities was tabulated across each of the six 
CDRs independently. Sequences having the same HCDR3 
length and ≥90% identity in the HCDR3 amino acid sequences 
were defined as being in the same cluster. Functional reads 

were those defined as having VL-CL and VH-CH1 in-frame 
and without premature stop codons or truncation. 
Bioinformatic analyses were performed using AbXtract 
(www.eyesopen.com/orion/antibody-discovery-suite).

Assembly of the variable scFab domains into linear 
expression cassettes and expression of recombinant 
antibodies

A PCR-based strategy based on the methods described in 
Zhang et al.46 was used to recover paired light and heavy 
chains from selected scFabs, generating transcription and 
translation compatible linear DNA expression cassettes 
(LEC) encoding whole IgG molecules. The purified LEC were 
transfected into Expi293F cells (Thermo Fisher Scientific), 
expressed, harvested, and immediately used for assessment of 
antibody quantification and binding to antigen as previously 
described.46

IgG validation: binding (ELISA assay)

ELISA assays were performed to determine the binding activ
ity of the IgG as molecules present in the supernatant of cell 
cultures or after purification. ELISA wells (Nunc Maxisorb) 
were coated directly overnight at 4°C with 0.2 µg per well of 
hIFNα-2b or SARS-CoV-2 RBD (non-biotinylated) or indir
ectly with 0.5 µg neutravidin per well overnight at 4°C, and the 
following day, after washing away excess neutravidin, 0.2 µg 
per well of biotinylated hIFNα-2b or SARS-CoV-2 RBD was 
added. Cell culture supernatant was diluted 1:1 in PBS, while 
purified IgGs was used at 0.5 µg/mL, also diluted in PBS. 
Diluted cell culture supernatant or IgGs were incubated in 
the antigen-coated wells for 1 h at room temperature. After 
a rinse step, anti-human-Fc-HRP (Jackson ImmunoResearch, 
Cat # 109-035-008, RRID:AB_2337579) was added and incu
bated for 1 h at room temperature to detect binding antibodies. 
After a final rinse step, TMB was used to develop the colori
metric assay, which was stopped with 1 M H2SO4. The signal 
was measured at absorbance 450 nm.

IgG validation: affinity determination and developability 
assessment

Kinetic assessment was performed by single cycle kinetics on an 
LSA Carterra. We activated a 2D planar carboxymethyldextran 
(CMDP), <5 nm coating thickness chip (Carterra Cat #4282) with 
33 mM of N-hydroxysulfosuccinimide (Sigma Cat #56485), 
133 mM N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide 
hydrochloride (Sigma Cat #E7750) diluted in 0.1 M MES, pH 
5.5 for 5 min. An anti-human Fc (Southern Biotech, Cat #2048- 
01) was diluted to 50 µg/mL in 10 mM acetate, pH 4.33, and 
immobilized on the chip for 7.5 min. The chip surface was 
deactivated with 1 M ethanolamine, pH 8.5, to prevent additional 
primary amine coupling. For high ligand density settings, in 
separate experiments, anti-hIFNα-2b antibodies and anti-RBD 
were diluted to 10 µg/mL in 1×HBSTE (Carterra Cat #3630) 
and printed onto the chip for 15 min. Antigen was prepared 
across a 7-point dilution series from 300 nM to 412 pM. For 
low ligand density, antibodies were diluted to 0.5 µg/mL in 
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1×HBSTE and printed onto chip for 15 min. Antigens were 
injected across a 6-point series from 100 nM to 412 pM diluted 
in 1×HBSTE supplanted with 0.5 mg/mL bovine serum albumin. 
Each antigen dilution series measurement was carried out using 
non-regenerative conditions. Association was set to 5 min, dis
sociation to 10 min per cycle. Binding kinetics were fit using a 1:1 
binding model using the Kinetics software suite (Carterra).

IgG developability

Antibodies, in the IgG format, were assessed for developability 
using different methods to provide insight into hydrophobicity, 
tendency for self-association, stability, aggregation, and electro
statics. HIC was carried out using methods described 
previously.47 Briefly, 5 µg of IgG at 1 mg/mL (spiked with 
a solution of 1.5 M ammonium sulfate and 0.025 M sodium 
phosphate at pH 7.0 corresponding to mobile phase A) were 
injected into a MAbPac HIC-10, 5 µm, 4.6 × 250 mm column. 
A linear gradient of mobile phase A and mobile phage B 
(0.025 M sodium phosphate, pH 7.0) was flowed through the 
column at 1 mL/min for 30 min while absorbance was collected 
at 280 nm. The main peak was collected by assessment of the 
chromatograph as captured as the area under the curve (AUC) 
of this peak relative to other peaks across the profile. Size- 
exclusion chromatography (SEC) was carried out using iso
cratic conditions and a running buffer of 10 mM sodium phos
phate, 1.8 mM potassium phosphate, 137 mM sodium chloride, 
2.7 mM potassium chloride at pH 7.4 (PBS) with absorbance 
collected at 280 nm. Samples were diluted to 1 mg/mL and 
10 µL injected into a size-exclusion column (Superdex 200 
Increase 5/150 GL Cat # 28-9909-45) using a Waters uHPLC. 
The percentage of the main peak was calculated by looking at 
the AUC of the main peak relative to higher molecular weight 
(shorter retention times) and lower molecular weight (longer 
retention times) peaks. The melting temperature (Tm) corre
sponding to the Fab and the aggregation onset temperature 
were analyzed using the UNcle system (Unchained Labs). 
Samples were prepped into PBS, pH 7.4 and adjusted to 
1 mg/mL. Aliquots of the mAb at 8.9 µL were pipetted onto 
the 16-well UNcle quartz capillary slides ensuring no bubbles 
were introduced. A temperature ramp was programmed using 
the software starting at 25°C and increasing to 95°C. An excita
tion laser at 266 nm was used and intrinsic fluorescence 
detected between 300 nm and 700 nm. We used the barycentric 
mean (BCM) of the fluorescence spectra to calculate the ther
mal unfolding curve, and Tm was determined from the inflec
tion point of the BCM curve. The aggregation onset 
temperature (Tonset) was assessed from the static light scattering 
(SLS) data by plotting light scattering intensity as a function of 
the temperature and identified as that temperature at which 
a significant elevation of light scattering is first observed. cGE 
was carried out on an Labchip GX Touch. Samples were 
prepped by buffer exchange into PBS, pH 7.4. The purity 
assessment was performed using the Protein Clear HT kit. All 
analysis was carried out by assessing the AUC of the peaks to 
determine the relative abundance of each species across the 
profile, with percent purity captured by dividing the AUC of 
the target peak by the total AUC of all peaks across the electro
pherogram. UV absorbance spectroscopy and DLS was carried 

out using the Stunner instrument. Samples were prepared in 
PBS, pH 7.4 and adjusted to 0.5 mg/mL. The UV–Vis spectrum 
from 220 nm to 700 nm was measured. For the DLS analysis, 
the scattered light intensity fluctuations were recorded and an 
autocorrelation function calculated whereby the size distribu
tion of the mAb samples including the Peak Interest Mean 
Diameter (nm) was obtained. The Peak of Interest Mass (%) 
was calculated as relative mass percent of the monomeric anti
body species relative to other species. The Polydispersity Index 
(PdI) was obtained using the size distribution width.

Results

Validation of the therapeutic scaffolds as Fab displayed 
on phage and as scFab displayed on yeast

The Fab phage display library was constructed using the pre
viously described Generation 3 concept.6 Four therapeutic 
antibody scaffolds were used: abrilumab (VH1–24, Vk1-12), 
crenezumab (VH3–7, Vk2-28), necitumumab (VH4-30-4, 
Vk3-11), adalimumab (VH3–9, Vk1-27) and a fifth non- 
therapeutic scaffold (VH3–48, VK1–33) (Table 1), all chosen 
for their excellent developability properties.48

The five different therapeutic antibodies used as scaffolds 
were first expressed and displayed as Fab on phage (Figure 1a) 
and characterized in terms of a) infectivity by titration; b) dis
play by Western blot; c) functionality by binding to the specific 
antigen (when available as a recombinant protein) and d) dis
play level by ELISA. All five phage displaying therapeutic anti
bodies showed similar infectivity in the 1012 cfu/mL range 
(Figure 1b). The phages successfully displayed the Fab molecule 
as shown by the Western blot anti-Myc (Figure 1c) and their 
functional display and specific binding to the targets (Figure 1d).

The Fab-phage display vectors containing the therapeutic 
scaffold were miniprepped and converted into scFab intended 
for yeast display, as described in Figure 2c–g, and their func
tionality was tested by flow cytometry by checking their display 
level and the specific target binding (Figure 1e). All five scaf
folds showed scFab display (>70% SV5-PE signal) and minor 
to no binding to the off-target. Furthermore, scFab 1A, 4A and 
8B bind their specific antigens (targets for scFabs 3B and 7A 
were not available). A similar cloning strategy was applied to 
convert the five scaffolds from Fab displayed on phage into Fab 
displayed on yeast to compare the performance of Fab and 
scFab in the yeast display format. This showed incremental 
improvement of the expression and target binding for scFabs 
compared to Fab (Suplementary Figure S1).

Library design, construction, and quality control

Akin to the previously described scFv libraries,6 gene-family- 
specific human CDRs derived from next-generation sequen
cing (NGS) data were inserted into LCDR1–3 and HCDR1–2. 
This was carried out by synthesizing oligonucleotides encod
ing CDRs in array-based formats (Agilent), excluding those 
containing sequence liabilities. The final number of CDRs 
inserted at each position ranged from 112 (LCDR1 of Lib3B) 
to 74,542 (LCDR3 of Lib1A, 7A, and 8B), with the lower 
number of CDRs in the Lib3B LCDRs reflecting the lower 
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diversity of the Vκ2 family. To filter for functionality, CDRs 
were inserted into the scaffolds, a single site at a time, creating 
five mini-libraries for each scaffold with diversity in only one 

region (5 CDR libraries per scaffold). These were displayed on 
yeast as scFv and filtered for expression using magnetic- 
assisted cells sorting.49 This step ensures that only in-frame 

Figure 1. Characterization of the therapeutic Fab-phage. (a) schematic representation of library design and assembly. (b) titers of monoclonal Fab phage displaying 
therapeutic scaffold Fabs infection evaluated on XL1 blue cells. (c) Western blot of Fab-phage displaying therapeutic scaffolds with an anti-Myc antibody. (d) Fab phage 
ELISA testing the specificity of each of the therapeutic antibody scaffolds for binding to their corresponding antigens (when available as recombinant protein). An 
unrelated antigen was used as negative control and anti-Fab antibody was used to detect the display. (e) binding specificity of each of the therapeutic antibody 
scaffolds when displayed as scFab on yeast to their corresponding antigens (when available as recombinant protein). Yeast cells were tested only with the secondary 
reagents, as well as an unrelated antigen (off-target).
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“displayable” molecules were used for the final assembly. 
While it does not eliminate oligo synthesis and PCR errors, it 
does ensure that those retained do not compromise display.

HCDR3s were recovered from CD19+ cells from Leukopaks 
from 10 different human donors. After reverse transcription of 
the mRNA using an IgM-specific primer, the HCDR3s were 
amplified using a single universal reverse primer annealing to 

the human JH region at the 3’ end, and four different forward 
primers annealing to heavy framework 3 at the 5’ end. The 
filtered CDRs obtained from the yeast mini-CDR libraries were 
assembled with the recovered HCDR3s by PCR, cloned into 
the phage display vector (Figure 2a) and transformed into 
E. coli TG1 cells, generating a total of ~ 1.6×1010 transformants 
(Figure 2b).

Figure 2. Schematic representation of the 2-step PCR conversion of Fab phage display into scFab yeast display. (a) graphic representation of the assembly strategy to 
generate the semi-synthetic Fab library. (b) number of transformants obtained after electroporation of each phage display sublibrary into E. coli TG1. (c) inverse-pcr 
based amplification of the phage display vector with a 5’ primer annealing to the FW1 of the VH and 3’ primer annealing to the end of the constant light chain region 
(CK), resulting in the linearization of the entire plasmid without the plasmid elements between the two domains constituting the Fab. (d) the primers confer 
complementary overhangs compatible to the 5’ and 3’ ends of a donor fragment amplified from the yeast DONOR vector. The donor fragment contains the linker for 
the generation of the scFab. (e) the intermediate vector is obtained by fusing the donor fragment in frame with the two domains of the Fab by NEBuilder® assembly kit. 
(f) the cassette from the intermediate vector pool is PCR amplified adding sequence homologous to the final yeast display vector at the ends of the fragment. (g) 
cloning of the cassette into the yeast display vector via homologous recombination.
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As quality control, the library was analyzed using: 1) Sanger 
sequencing for the assessment of open reading frames; 2) NGS 
by PacBio Sequel II for full-length analysis and clonal domi
nance, and Novaseq S4 for HCDR3 diversity analysis; and 3) 
enzyme linked immunosorbent assay (ELISA) for the assess
ment of Fab display on the phage surface. For the Sanger 
analysis, we sequenced clones immediately after transformation 
(prepackaging) and after producing the library as phage parti
cles and reinfecting cells (post-packaging) (refer to Figure 3a for 
visual representation of pre- and post-packaging). We classified 
a clone as “functional” if it had a full-length in-frame sequence 
with no stop codons. No loss of functionality was observed in 
the packaging process, with an average functionality of 88.9% 
prepackaging (range 83.8%–93.7%) and 88.1% post-packaging 
(range 84.3%–90.3%) (Figure 3b).

We also produced monoclonal phage from colonies picked 
pre- and post-packaging, which allowed us to evaluate the 
display of Fab molecules at the bacteriophage surface. This 
assessment was done via a sandwich ELISA approach that 
included immobilization of an anti-Fab antibody in the micro
titer plates to capture phage particles followed by incubation 
with an anti-M13 antibody (HRP conjugated). Again, no dif
ference was observed between pre- and post-packaging, with 
a very high number of displaying clones in both cases (average 
of 90% (range from 85% to 94%) displaying clones prepacka
ging vs. 93% (range from 89% to 97%) displaying clones post- 
packaging (Figure 3c)).

These are interesting observations since nonfunctional 
clones, where the molecule is not expressed, are thought to 
have a growth advantage over clones containing open-reading 
frames and expressing antibodies. However, as the two 
domains of the Fab molecules (VL-CL, VH-CH1) are 
expressed by two cistrons, loss of functionality in one chain 
will not prevent the other from being expressed, perhaps limit
ing potential growth advantages.

Full-length Fab NGS using Pacbio Sequel II revealed no 
clonal dominance in the library, with the most frequently 

observed clone representing only ~0.001% of the reads in 
Lib4A. However, the true frequency is likely less, as we are 
vastly under-sampling the diversity and this clone had only 
two reads (Table 2). We also verified the identity of the CDRs 
in the final library compared to the design and for the presence 
of liabilities. On average, 94.1% of the CDRs observed in the 
library matched designed sequences (range from 90.1% to 
98.1%) (Table 3). Although non-matching CDRs are expected 
due to oligonucleotide synthesis and PCR-derived errors, they 
are always far less abundant than the designed CDRs 
(Supplementary Figures S2-S6). Since some sequences diverge 
from design, it is inevitable that sequence liabilities are inad
vertently reintroduced. Nonetheless, more than 97% of the 
naturally replicated CDRs in clones analyzed in all libraries 
had no sequence liabilities (Figure 4a). Finally, the NovaSeq S4 
platform was used to analyze the HCDR3 diversity of the final 
cloned library. A VH amplicon was produced by PCR and 
sequenced using NovaSeq S4 2 × 150bp. Reads were quality 
filtered, keeping only reads in which 90% of bases have 
a Q-score ≥30. Of 5.3 × 109 reads, 3.9 × 109 were retained for 
further analysis. HCDR3s were extracted using AbXtract 
(www.eyesopen.com/orion/antibody-discovery-suite), which 
identifies the 5’ and 3’ regions. HCDR3 sequences containing 
stop codons or frameshifts were excluded. The HCDR3 accu
mulation plot (Figure 4b) compares the HCDR3 diversities of 
Specifica’s Generation 115 and Generation 250 scFv libraries 
with this Gen3 Fab library. The single sublibraries each con
tribute a similar number of unique HCDR3s (Figure 4c), and 
the final measured HCDR3 diversity is 2.9 × 108.

Figure 3. Quality control of the assembled library. a) schematic representation of the pre- and post-packaging experiments for evaluation of clone functionality and 
Sanger sequencing. Post-packaging refers to colonies picked after packaging the phagemid into phage particles and reinfecting cells, prepackaging refers to colonies 
picked directly from the library transformation. b) number of in-frame clones identified by Sanger sequencing in the naive library pre- and post-packaging. c) summary 
of Fab display levels of phage clones pre- and post-packaging tested by sandwich ELISA.

Table 2. Frequency of the most dominant clone found in each library.

Library Top 1 Clone frequency

Lib1A 0.00072%
Lib3B 0.00074%
Lib4A 0.00102%
Lib7A 0.00062%
Lib8B 0.00063%

Table 3. Frequency of CDRs matching the designed sequences present in each library.

Region Lib1A Lib3B Lib4A Lib7A Lib8B

LCDR1 97.97% 93.45% 96.95% 98.13% 98.01%
LCDR2 93.21% 90.09% 94.03% 93.67% 93.68%
LCDR3 95.59% 94.49% 94.02% 95.37% 96.04%
HCDR1 95.88% 95.17% 93.08% 95.47% 95.48%
HCDR2 93.86% 92.96% 95.82% 94.78% 95.66%
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Finally, phages were produced from each of the sublibraries 
by superinfecting with the helper phage M13K07 for phage 
particle production, phage were titrated, and quality controlled 
by Western blot (Supplementary Figure S7).

Fab phage library selection

To test the library performance, we carried out three rounds of 
phage display with human interferon-α-2b (hIFNα-2b) and 
SARS-CoV-2 receptor-binding domain (RBD). Titer enrich
ment was observed with the progression of selection rounds 
(Figure 5a), with more pronounced enrichment between 
rounds 2 and 3 of selection, as increased wash stringency was 
used between the 1st and 2nd rounds of selection and kept 
constant between the 2nd and 3rd rounds. From the final 
selection rounds (3rd), polyclonal phage populations were 
produced and tested in ELISA, where a strong specific poly
clonal signal was detected for the specific target antigens. Fab 
display signal of the phage samples was also detected by coat
ing an anti-Fab antibody on the ELISA plate (Figure 5b).

A phage ELISA screening was also conducted on ran
domly picked clones obtained after the 3rd round of selec
tion for each target antigen. Ninety-five clones for each of 
the five sub-libraries and for each antigen were tested for 
their on- and off-target binding. The hit rate for each sub- 
library for hIFNα-2b ranged from 68% to 99%, while the hit 
rate for each sub-library for SARS-CoV-2 RBD ranged from 
40% to 95%, as reported in Table 4 and Supplementary 
Figure S8.

The same clones screened by phage ELISA were Sanger 
sequenced. Only functional clones were reported. Unique 
clones were identified, using the same HCDR3 length 
and ≥90% identity in HCDR3 amino acid sequence to cluster 
variants. The number of unique clones for each campaign is 
reported in Tables 5–6. One cross-over clone (VL abrilumab 
and VH crenezumab) was identified as a binder against hIFNa 
2b. The unique HCDR3 sequence of binders is reported in 
Supplementary Table S3-S4. The HCDR3 were also aligned 
and those with at least 70% identity and matching the VL and 
VH scaffolds were grouped into the same cluster 
(Supplementary Tables S3-S4).

From Fab phage display to scFab yeast display

The Fab-phage populations enriched after three rounds of selec
tion for hIFNα-2b and SARS-CoV-2 RBD, were converted into 
scFab yeast display mini-libraries. This approach retains the 
original VH/VL pairing through a 2-step PCR strategy 
(Figure 2c–g). After subcloning and transforming the different 
libraires into the yeast display vector and yeast cells, the binding 
profiles were analyzed by flow cytometry at 0 nM (background 
for nonspecific binders to the secondary reagents) and 100 nM 
of the corresponding antigen (Figure 6a).

Overall, the yeast outputs had more than 48% display for 
both antigens. They all show some level of binding to their 
specific antigen, with libraries 3B, 4A and 8B more enriched 
for the SARS-CoV-2-RBD campaign, and libraries 1A, 4A and 
8B more enriched for the hIFNα-2b campaign. However, the 

Figure 4. Quality control of the library by NGS. a) presence of sequence liabilities in the naturally replicated CDRs (HCDR1-2; LCDR1-3) used to generate sublibraries 
based on PacBio sequencing. b) accumulation plot of Fab library unique clones, compared to previous library iterations from NovaSeq sequencing analysis. c) 
accumulation plot of unique clones in the individual sublibraries.
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levels of yeast positivity (4–45%) are somewhat lower than 
those observed in phage display, reflecting the possibility that 
PCR- or yeast-based recombination occurs either in the 

constant portion of the amplified fragments (CK-linker) 
between the VH and VL genes during the transfer from 
phage to yeast, resulting in VH/VL shuffling, or within frame
work regions of either VH or VL genes, since these are pre
served in each library.

All five libraries were sorted for high-affinity binders for 
their respective antigens. The binding profile of the final 
populations were analyzed in the presence of different con
centrations of antigen (Figure 6b). A sharp binding population 
was observed for all five libraries for both antigens, particularly 
at the higher concentrations, while a negligible binding popu
lation was observed in the absence of antigen. When decreas
ing the antigen concentration, the overall binding population 
decreased, but significant binding signals were present even at 
5 nM.

ScFab yeast library selection analysis

The scFab yeast display outputs were characterized in terms of 
diversity. For this purpose, 95 clones from the final output of 
each sublibrary and for each antigen were Sanger sequenced. 
As previously described for the Fab phage outputs, only func
tional clones were reported, and the unique clones were iden
tified by HCDR3 diversity. As shown in Table 7, 69 and 24 
unique HCDR3s were found from the hIFNα-2b and SARS- 
CoV-2-RBD campaigns, respectively, and all libraries 

Figure 5. Antibody selection. a) enrichment of phage display selection titers for the 5 sub-libraries selected against hIFNα-2b and SARS-CoV-2 RBD. b) ELISA signals of 
polyclonal phage after 3 rounds of display tested against hIFNα-2b and SARS-CoV-2 RBD, which were also used as cross-reactivity controls for each over. Display levels 
were also tested (anti-Fab).

Table 4. Hit rates after the 3rd round of selection against hIFNα-2b and SARS-CoV 
-2 RBD as assessed by phage ELISA.

Library Target antigen #binders/#screened clones % hits

Lib1A hIFNα-2b 92/95 97%
Lib3B hIFNα-2b 85/95 89%
Lib4A hIFNα-2b 94/95 99%
Lib7A hIFNα-2b 75/95 79%
Lib8B hIFNα-2b 65/95 68%
Lib1A SARS-CoV-2 RBD 88/95 93%
Lib3B SARS-CoV-2 RBD 66/95 69%
Lib4A SARS-CoV-2 RBD 90/95 95%
Lib7A SARS-CoV-2 RBD 38/95 40%
Lib8B SARS-CoV-2 RBD 73/95 77%

Table 5. Unique clones identified by Sanger sequencing of the 3rd round of 
selection on hIFNα-2b. Clones are classified regarding VL and VH scaffold and 
binding status.

VL Scaffold VH Scaffold Non-binders Binders

Lib1A-VL-abrilumab Lib1A-VH-abrilumab 3 47
Lib1A-VL-abrilumab Lib3B-VH-crenezumab 0 1
Lib3B-VL-crenezumab Lib3B-VH-crenezumab 6 30
Lib4A-VL-necitumumab Lib4A-VH-necitumumab 1 21
Lib7A-VL-348 Lib7A-VH-348 15 32
Lib8B-VL-adalimumab Lib8B-VH-adalimumab 22 12

Total 47 143
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generated at least one antibody with a unique HCDR3 against 
each of the two antigens. These monoclonals were tested for 
target binding in yeast (Supplementary Figure S9 and S10), 
with clones considered positive if the binding value was at least 
five times greater than the signal obtained for the off-target 
antigen (Figure 7a–b). A total of 66 and 19 binders were found 
from the hIFNα-2b and SARS-CoV-2-RBD campaigns, respec
tively. The unique HCDR3 sequences of the binders are 
reported in Supplementary Tables S5-S6. The HCDR3 were 
also aligned and those with at least 70% identity and matching 
the VL and VH scaffolds were grouped into the same cluster 
(Supplementary Tables S5-S6).

Additionally, Fab and scFab sequences of binders iso
lated after phage and yeast selection, respectively, were 

compared (Figure 7c). A total of 33 and 16 unique binding 
clones (same HCDR3) for the hIFNα-2b and SARS-CoV 
-2-RBD campaigns, respectively, were found in both the 
Fab and scFab formats, while 33 and 3 unique clones were 
only found as scFabs.

PacBio analysis of final Fab phage selection outputs and 
scFab yeast selection outputs

The final round populations from each selection campaign 
(phage and yeast display) for each of the sub-libraries were 
PCR amplified and sequenced using PacBio sequencing to 
capture the paired light and heavy chains. The expectation is 

Table 6. Unique clones identified by Sanger sequencing of the 3rd round of selection on SARS-CoV-2 RBD. Clones are classified by VL and VH scaffold and binding status.

VL Scaffold VH Scaffold Non-binders Binders

Lib1A-VL-abrilumab Lib1A-VH-abrilumab 6 19
Lib3B-VL-crenezumab Lib3B-VH-crenezumab 0 21
Lib4A-VL-necitumumab Lib4A-VH-necitumumab 1 6
Lib7A-VL-348 Lib7A-VH-348 40 6
Lib8B-VL-adalimumab Lib8B-VH-adalimumab 21 5

Total 68 57

Figure 6. Sorting results of scFab yeast display. Flow cytometry analysis of scFab yeast display against hIFNα-2b and SARS-CoV-2 RBD, a) after directly subcloning the 
third rounds of phage display selection and b) after the final yeast sorting.
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that the phage outputs will be under-sampled by the PacBio 
platform (resulting in a focus on the most enriched clones), 
while the yeast outputs should be completely covered with 
50,000 reads per sample (5 times the maximum expected 
diversity from the first yeast sort where 10,000 events were 
sorted). The number of functional reads per sample is shown 
in Supplementary Table S7. The reads were annotated using 
the IgMatcher tool, part of AbXtract (www.eyesopen.com/ 
orion/antibody-discovery-suite), and scaffolds were assigned 
for VL and VH. Pairing for Fab and scFab outputs is reported 
in Figure 8a for the Fab phage outputs and Figure 8b for the 
scFab yeast outputs. Each sequenced clone was assigned to 
a library based on the scaffold pairing. Clones with mis
matched VL and VH are reported as “other”. Clones with 
HCDR3s having the same length and ≥90% amino acid iden
tity were merged. Sequences with abundance less than 0.005% 
were discarded. Following this analysis, 2942 and 6658 unique 
sequences were identified for the Fab phage campaigns against 
hIFNα-2b and SARS-CoV2-RBD, respectively (Figure 8c), and 
436 and 106 unique sequences were identified for the scFab 
yeast campaigns against hIFNα-2b and SARS-CoV2-RBD, 
respectively (Figure 8d). As these sequences were only identi
fied, binding activity cannot be ascertained without gene 
synthesis and further testing. Sequence liabilities were tabu
lated for all clones: for both selection campaigns using Fab 
phage (Supplementary Figure S11 for hIFNα-2b and 
Supplementary Figure S12 for SARS-CoV2-RBD), >95% of 
naturally replicated CDRs had no sequence liabilities, and 
similar values were obtained after scFab yeast display 
where ≥93% of replicated CDRs had no sequence liabilities 
(Supplementary Figures S13 for hIFNα-2b and 
Supplementary Figures S14 for SARS-CoV2-RBD). The 
sequences of the Fab and scFab clones isolated at the end of 
the phage and yeast selection, respectively, were compared 
(Figure 8e,g for hIFNα-2b and Figure 8f,h for SARS-CoV2- 
RBD). A total of 388 and 66 unique clones (same HCDR3) 
were found in both the Fab and scFab formats, while 126 and 
56 unique clones were only found as scFab, which could be 
explained by the under sampling of the Fab phage outputs by 
PacBio sequencing. The binding activity of the antibodies 
encoded by these sequences is unknown.

Assessment of conversion rate and binding activity of 
scFab into whole IgG molecules

All the scFab unique binding clones identified from the final 
yeast outputs against hIFNα-2b and SARS-CoV2-RBD (66 and 

19, respectively) were converted into whole IgG molecules and 
expressed in Expi293F cells following the strategy described by 
Zhang et al.46 Five days after transfection the concentration of 
recombinant IgG in cell culture supernatants were quantified by 
biolayer interferometry (Octet) using an anti-human IgG bio
sensor. The standard curves were generated using isotype 
matched IgG. The results of IgG expression levels in cell super
natants are shown in Figure 9a. More than 98% (84/85) of all 
the converted antibodies expressed at detectable levels of anti
body, regardless of the target specificity, in the range of 0.05 to 
over 100 µg/mL. The supernatants for each antigen were tested 
for binding specificity by ELISA. When tested on directly 
coated (non-biotinylated) antigen, 47/65 (72.3%) expressed 
IgGs against hIFNα-2b and 19/19 (100%) IgGs against SARS- 
CoV2-RBD demonstrated specific binding to their respective 
antigens (Figure 9b). When tested on indirectly coated antigen, 
with biotinylated antigen immobilized by interaction with neu
travidin coated ELISA wells, the number of hIFNα-2b binders 
increased to 56/65 (86.2%) and remained at 100% binders (19/ 
19) for SARS-CoV-2 RBD (Figure 9b). We speculate that the 
differences between the two hIFNα-2b data sets are due to the 
partial loss of some conformational epitopes when the antigen 
is directly coated on ELISA, and/or recognition of epitopes 
containing biotin used in the selection, reducing the binding 
efficiency of specific antibodies to the unmodified target.

Affinity and developability

The antibodies specifically recognizing the target in ELISA were 
expressed and purified in larger amounts to calculate their 
affinities and assess their developability proprieties. Affinities 
were measured by surface plasmon resonance (SPR) using the 
Carterra LSA-XT (plots shown in Supplementary Figures S15, 
S16 and S18). For the antibodies targeting hIFN⍺-2b, we 
observed 40/47 (85%) with clear binding profiles, of which 
(34/47) 72% exhibited non-complex binding profiles with 
a range of affinities from 18 pM to 74 nM, an interquartile 
range between 950 pM to 5.8 nM and a median affinity of 2.3  
nM (Figure 10a and Supplementary Figures S17 and S19). 9/47 
(19%) and 29/47 (62%) of the hIFN⍺-2b antibodies exhibited 
subnanomolar and single-digit nanomolar affinities, respec
tively, straight from selections. Many of the IFN-binding anti
bodies exhibited improved kinetic model fits upon reduction of 
the ligand density (Supplementary Figure S15 and 16). All the 
anti- SARS-CoV2-RBD antibodies were binders 19/19 (100%) 
with 15/19 (79%) exhibiting non-complex binding (Figure 10a 
and Supplementary Figure S18). Unlike the antibodies targeting 

Table 7. Number of unique clones per sublibrary for each antigen identified after yeast sort of scFabs.

hIFNα-2b SARS-CoV-2-RBD

Unique HCDR3 Unique Binders on Yeast Unique HCDR3 Unique Binders on Yeast

Lib1A 31 30 11 8
Lib3B 16 15 2 2
Lib4A 1 1 2 2
Lib7A 18 17 3 3
Lib8B 3 3 6 4
Total 69 66 24 19
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hIFN⍺-2b, we were unable to improve any kinetic profiles of 
anti-RBD binding antibodies in repeated experiments. Of the 15 
antibodies with non-complex binding profiles for 1:1 binding 
fit, we observed a range of affinities from 200 pM to 20 nM, an 
interquartile range between 1.4 nM and 7.0 nM and a median 
affinity of 4.1 nM. 3/19 (15%) and 14/19 (74%) of the anti-RBD 
antibodies exhibited subnanomolar affinities (Supplementary 
Figure S18 and S19).

All the antibodies recognizing the specific target at least 
in ELISA (47 against hIFN⍺-2b and 19 against SARS-CoV2- 
RBD) were assessed for developability using different meth
ods to provide insight into hydrophobicity, tendency for 
self-association, thermodynamic stability, aggregation pro
pensity, colloidal stability, and electrostatics.

The hydrophobic properties were assessed by hydropho
bic interaction chromatography (HIC) to gather insight 

Figure 7. Fab phage scFab yeast outputs analysis. Binding activity of monoclonal scFab antibodies displayed on yeast against a) hIFNα-2b and b) SARS-CoV-2 RBD. 
Binding fold change over the off-target is reported. c) unique HCDR3s for each antigen isolated from the Fab-phage and the scFab-yeast selection outputs, with 
overlaps indicated.
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into relative percent purity of the main peak (Figure 10b). 
Most antibodies, 77% (49/66) exhibited favorable main 
peak purity (>70%) with a median value of 86.05% and 
interquartile range (IQR) from 71.58% to 93.85%. The 

breakdown of the hydrophobicity of tested mAbs was tar
get dependent: 85% (40/47) of the mAbs against hIFNα-2b 
exhibited more favorable properties, while only 53% (10/ 
19) of antibodies against SARS-CoV2-RBD exhibited this 

Figure 8. PacBio sequencing analysis of the selected scFab yeast clones. a) VL and VH scaffold pairing for both antigen Fab phage selection outputs. Values are 
normalized by VL (rows sum to 100%). b) VL and VH scaffold pairing for both antigen scFab yeast selection outputs. Values are normalized by VL (rows sum to 100%). c) 
number of unique clones identified from each sublibrary for each antigen for the Fab phage selection outputs. d) number of unique clones identified from each 
sublibrary for each antigen for the scFab yeast selection outputs. The number of unique HCDR3s for each antigen isolated from the Fab-phage and the scFab-yeast 
selection outputs identified by PacBio sequencing of the full Fab or scFab, and corresponding overlaps for e) hIFNα-2b and f) SARS-CoV-2 RBD. ScFab clones ranked by 
frequency for g) hIFNα-2b and h) SARS-CoV-2 RBD: large circles represent clones shared between scFab and Fab outputs and small circles represent clones exclusive to 
scFab output. Color indicates clones’ respective rank in the Fab population with scFab-only clones taking on values greater than the highest ranked shared clone.
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trend, indicating that antibody hydrophobic properties may 
be driven in part by antigen binding.

Size heterogeneity, related to potential aggregation and 
fractionation patterns of the antibodies, was determined by 
size-exclusion chromatography (SEC). A 95.4% (63/66) of 
antibodies exhibited favorable developability profiles with 
main peak purity values of ≥80% (Figure 10c). These antibo
dies exhibited median main peak values of 97.10% with an IQR 
of 95.7–97.8%.

Two metrics of melting temperature, (Tm) and aggregation 
onset temperature (Tonset), were used to understand antibody 
thermal stability profiles. A 100% (66/66) of the antibodies 
were above our preset threshold of 64°C, separating develop
able thermal profiles from non-developable (Figure 10d). The 
64°C threshold is based on the upper threshold of the 10% 
worse 137 antibodies from Jain et al.48 We observed 100% of 
the antibodies exhibiting a Tonset of above 50°C (Figure 10e), 
and all but one (98.5%) showed a Tonset of 55°C or higher.

Information pertaining to electrostatics (e.g., net charge) is 
an important criterion in antibody developability with high net 
charge typically correlated with poor developability. Capillary 
gel electrophoresis (cGE) was applied to gather insights into 
charge variants, in addition to aggregates and fragments that 
may also be present within the assay, by measuring variations 
in the % compared to the main peak. A large majority (91% − 
60/66) of antibodies exhibited favorable values above 80% 
(Figure 10f), and the median % main peak purities were 
85.25% with an IQR of 83.78–86.33%.

We investigated dynamic light scattering (DLS) at a UV 
absorbance of 280 nm to gain insight into the distribution of 
the antibodies in solutions, particularly as it pertains to size 
distribution, colloidal stability, monomericity and aggrega
tion propensity. Acceptable ranges for peak interest of mean 

diameter (nm), run from 5 to 20 nm, with 10–15 nm being 
optimal. Lower values suggest potential impurities, while 
higher values suggest the presence of larger molecular spe
cies (e.g., aggregates). A 93% of the clones exhibit a median 
value of 11.13 with an IQR of 10.85–11.71, indicating most 
antibodies are a homogenous population of monomeric anti
bodies (Figure 10g). The peak of interest mass (%) provides 
the relative mass of the main peak relative to other species. 
For these antibodies, we observed median values of 100% 
(mean = 96.6%) and an IQR of 100–100% (Figure 10h). This, 
coupled with the fact that 95% (63/66) of the antibodies 
exhibit favorable (≥95%) values, suggests a high level of 
purity and lower aggregation propensity.

Finally, the polydispersity index (Pdl) provides insights into 
the relative size distribution for populations within the DLS 
measurement, with high values indicative of aggregates. The 
antibodies across all targets exhibit a median PdI of 0.06, with 
an IQR from 0.03 to 0.148 with 89% (59/66) (Figure 10i) 
exhibiting developable PdI values of <0.2 or values unable to 
be collected.

Upon examination of the cumulative failures for each anti
body, we found that the bulk of the antibodies yielded either no 
or just one poor outcome out of all measurement parameters 
(Table 8). In particular, no red flags were observed for 60.6% 
(40/66) of antibodies, and 94% (62/66) of antibodies had one or 
zero red flags. A minor fraction of 4.5% (3/66) exhibited two 
red flags, whereas a single antibody, representing 1.5% of the 
total, displayed poor parameters in four of the described assays.

Discussion

We previously reported6 an in vitro scFv library platform able 
to generate antibodies with extremely high affinities,4,5,44 

Figure 9. scFab to IgG conversion. a) IgG expression levels in supernatant of transfected Expi293F cells b) % IgG conversion and binding to corresponding target.
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which in many cases were better than those derived from 
immune sources and exhibited correspondingly more potent 
biological activity.5 The success of this platform was based on 
several design factors: 1) The use of highly developable clinical 
antibodies as scaffolds; 2) Naturally replicated CDR diversity, 
derived from NGS of B cell variable genes and matched to 
scaffold germline genes for all CDRs but HCDR3; 3) 
Elimination of all sequence liabilities from naturally replicated 
CDRs; 4) HCDR3 diversity derived from donor B cells by PCR 
and quantified by NGS; and 5) The combination of phage and 

yeast display to select antibodies. Here, we extend these find
ings to a novel variation of the platform that uses Fab in phage 
display and scFab in yeast display.

The scFab format36–43 is a relatively novel and less widely 
used format for antibody display and selection, in which 
VH-CH1 and VL-CL are connected by a flexible linker. 
This is expected to have a number of advantages over the 
Fab and scFv formats, including: 1) scFabs have been suc
cessfully displayed on yeast; 2) scFab display requires only 
one signal peptide for export to the yeast surface, instead of 
the two for conventional Fab molecules; 3) light and heavy 
chains are expressed at identical levels with no need to 
balance their expressions; 4) combining the light and heavy 
chains in a single polypeptide ensures more efficient pairing 
of the two chains, avoiding the need for VH-CH1 and VL- 
CL to associate, and the possibility of unpaired VH-CH1 
chains conferring specific binding activity;27,33,34 5) conver
sion from scFab to IgG is likely to be more efficient than 
from scFv; and 6) the single-gene construct is more 

Figure 10. Developability assessment. All boxplots in each of the panels reflect the median, first quartile (25th percentile) and third quartile (75th percentile) of all the 
antibodies, with the whiskers reflecting 1.5× the interquartile range (IQR). All datapoints are plotted as jittered datapoints across the plot using the varying metrics with 
dark blue values indicative of acceptable developable readings and dark red indicating poorly developable measurements. a) antibody affinities measured by surface 
plasmon resonance (SPR). b) aggregation and fractionation by size-exclusion chromatography (SEC) expressed as a percentage of the main peak using the area under 
the curve (AUC). c) hydrophobicity profiles assessed by hydrophobic interaction chromatography (HIC), with the AUC of the main peak expressed relative to other peaks 
across the profile. Fab stabilities determined by d) melting temperature (Tm) collected using the BCM of the fluorescence data from the inflection point (maximum of 
the first derivative) of the thermal profile and e) the aggregation onset temperature (Tonset) in which we observe a significant elevation of the SLS data. Charge variants 
were assessed by f) capillary gel electrophoresis (cGE) assessing the AUC of the main peak relative to other peaks across the profile. Aggregate or impurities were 
analyzed by dynamic light scattering (DLS) at 280 nm absorbance to measure g) the peak of interest mean diameter (nm), h) the peak of interest mass percent (%) and 
i) the Polydispersity Index (PdI), a unitless metric.

Table 8. Number of cumulative developability “red flags” in individual assay by 
antibody.

# Red flags Total %

0 40 60.6
1 22 33.3
2 3 4.5
3 0 0.0
4 1 1.5
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straightforward to manipulate genetically than the two gene 
Fab format or the use of yeast mating and two independent 
vectors27 to create Fab libraries.

The Fab phage library was designed and engineered using 
the same strategy previously described for a highly effective 
scFv phage/yeast platform.4,6,44 Four well-behaved therapeu
tic antibodies (and an additional non-therapeutic scaffold), 
all of which could be functionally displayed on phage, were 
chosen as scaffolds. These overlapped with, but differed from, 
those scaffolds used for scFv. Sequences encoding natural, 
germline-matched CDR diversity for all CDRs, except 
HCDR3, were purged of sequence liabilities in silico, synthe
tized on arrays, cloned into single CDR scFv libraries, and 
filtered by bulk selection using yeast display to eliminate 
sequences encoding poorly displaying CDRs. This process 
eliminated CDRs that did not fold within the desired scaf
fold, as well as any potential issues stemming from oligonu
cleotide synthesis or PCR errors that may affect display. As 
HCDR3 diversity exceeds oligo synthesis capacity and is far 
greater than that of the other CDRs, it was sourced by 
amplification from 10 healthy donors, using NovaSeq NGS 
to determine a final diversity of ~ 2.9 × 108 unique HCDR3 
sequences. Library quality was further assessed using PacBio 
to sequence a PCR product encompassing the entire Fab 
molecule. As expected, this confirmed the rarity of sequence- 
based liabilities in all CDRs except HCDR3, as well as the 
absence of clonal dominance. Within the context of the 
complete library, the abundance of the most prevalent 
clone/s in each sublibrary was calculated at ~0.0002%, repre
senting an extremely flat distribution. To assess clonal geno
typic stability and library display, Sanger sequencing and 
Western blotting were carried out before and after packaging 
into phage particles. This revealed there was no increase in 
nonfunctional clones or reduced display levels after phage 
packaging, attesting to the library’s successful construction 
and functionality.

Antibodies were selected against two targets, IFN and the RBD 
of the SARS-CoV-2 spike protein. Phage antibodies were tested 
for binding after three rounds of phage selection, after which 
phage outputs were cloned into the scFab yeast display format 
using a two-step PCR approach. Only a limited number of clones 
identified during phage ELISA screening after phage selection was 
also found in the final scFab populations after yeast sorting. We 
speculate this reflects enrichment (with consequent diversity 
reduction) of higher affinity antibodies during yeast display, 
compared to those selected only by phage display, although it is 
also possible that certain clones may display or bind to antigens 
better when displayed as Fab on phage, rather than as scFab on 
yeast. Our hypothesis is that when clones are screened in phage 
ELISA as monoclonals, the signal is usually qualitative rather than 
quantitative. The nature of an ELISA assay allows the identifica
tion of binders with low affinity (up to μM binders). Moreover, 
due to the high-throughput nature of the assay, each individual 
clone cannot be titrated (i.e., using the same number of phage per 
clone), and the display of molecules on the surface of filamentous 
phage varies from 1 to ~30%. Consequently, clones with relatively 
poor affinity can still be identified as binders in the phage format, 
but when these phage outputs are converted into yeast, the 
populations lose poor affinity binders during yeast sorting, as 

well as those clones that may have a growth advantage in E. coli 
compared to S. cerevisiae. As a result, poorly behaving antibodies 
are filtered out.

We expected conversion of scFab to Fab or IgG to be more 
efficient than conversion from the scFv format (which in our 
hands ranges from 74% to 92%, depending upon target and 
scaffold, but with an 86% overall conversion rate7), although 
there are published examples to the contrary.43 With 95 clones 
screened for each target, a diverse panel of binding scFabs was 
isolated (47 and 19 for IFN and RBD, respectively). An 86% of 
hIFNα-2b scFabs, 100% of SARS-CoV2-RBD scFabs (and 89% 
overall) were successfully converted to functional IgGs if bind
ing against unmodified and biotinylated targets are taken 
together, representing a slight improvement over scFv conver
sion to IgG. We plan to expand the conversion rate assessment 
to include a larger number of antibodies targeting various 
antigens in order to understand whether this slight improve
ment is statistically significant. Converted IgGs were found to 
have high affinities directly from the library (18 pM best 
affinity) and excellent developability properties (Figure 10), 
with a majority of antibodies having no developability red 
flags. Consequently, most antibodies were already drug-like 
in their properties, and potentially without the need for further 
improvement.

The results of the present study show the value of the scFab 
format in the selection of specific and developable antibodies, 
such that the construction of a novel scFab phage antibody 
library could further streamline the process of transitioning 
from phage to yeast (Supplementary Figure S20).

This study showcases the compatibility of a well-established 
pipeline for selecting recombinant antibodies using phage and 
yeast display2,3 to select functional antibodies from a highly 
efficient semi-synthetic library design.6 Specifically, the use of 
Fab and scFab was utilized as displayed antibody molecules, 
for phage and yeast display, respectively, a strategic approach 
that effectively enabled the identification of specific antibodies 
with favorable developability profiles and good conversion 
into full-length IgG.
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