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Humanization of Chicken-Derived scFv Using Yeast Surface
Display and NGS Data Mining
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Generation of high-affinity monoclonal antibodies by immunization of
chickens is a valuable strategy, particularly for obtaining antibodies directed
against epitopes that are conserved in mammals. A generic procedure is
established for the humanization of chicken-derived antibodies. To this end,
high-affinity binders of the epidermal growth factor receptor extracellular
domain are isolated from immunized chickens using yeast surface display.
Complementarity determining regions (CDRs) of two high-affinity binders are
grafted onto a human acceptor framework. Simultaneously, Vernier zone
residues, responsible for spatial CDR arrangement, are partially randomized.
A yeast surface display library comprising ≈300 000 variants is screened for
high-affinity binders in the scFv and Fab formats. Next-generation sequencing
discloses humanized antibody variants with restored affinity and improved
protein characteristics compared to the parental chicken antibodies.
Furthermore, the sequencing data give new insights into the importance of
antibody format, used during the humanization process. Starting from the
antibody repertoire of immunized chickens, this work features an effective
and fast high-throughput approach for the generation of multiple humanized
antibodies with potential therapeutic relevance.
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1. Introduction

Monoclonal antibodies have been generated
against a wide range of therapeutically rel-
evant human proteins. Since the first ther-
apeutic monoclonal antibody Muromonab
was approved in 1985,[1] a plethora of ad-
vanced scientific and technologic methods
have emerged for the generation of mon-
oclonal antibodies. While hybridoma tech-
nology has been strikingly successful, the
use of numerous display systems for an-
tibody identification, including ribosomal
display,[2] phage display,[3] yeast surface dis-
play (YSD),[4,5] and mammalian display[6]

emerged over the years.Most approved ther-
apeutic monoclonal antibodies were gen-
erated by conventional immunization of
mice, rabbits, or other species belonging to
the class of Mammalia.[7] However, target-
ing epitopes of interest remains challeng-
ing, due to the close phylogenetic relation-
ship to humans.
To overcome this limitation, chicken im-

munization enabled an alternative route for
targeting conserved epitopes, with potentially new therapeu-
tic relevance.[8–10] In fact, several companies and research
groups reported the generation of high-affinity monoclonal
antibodies against conserved epitopes by immunization of
chickens.[11,12]

Additionally, chicken-derived monoclonal antibodies offer
a scope of advantages compared to conventional antibodies
from mice and rats. Due to the natural somatic VDJ recom-
bination in mammals, a subset of oligonucleotides covering
the molecular diversity of antibodies is required to generate an
immune-repertoire-based display library. In contrast, the 3′ and
5′ region coding for the framework regions 1 (FR1) and 4 (FR4)
in chicken antibodies remains conserved during the mechanism
of antibody diversification, known as gene conversion.[13–15] This
enables the complete coverage and amplification of the V-region
coding gene repertoire with a single pair of oligonucleotides.
Besides this, the average length of the CDR3 repertoire in chick-
ens includes a significantly higher content of disulfide-linked
cysteines, which often results in variants with increased stability
and complexity.[16] To circumvent the potential disadvantages of
immunogenicity, transgenic chickens were generated exhibiting
a human germline sequence for VH and VL domains, resulting
in human antibodies upon avian immunization.[9] Still, the
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usage of those transgenic chickens is expensive and these ani-
mals do not cover the fully human antibody germline diversity.[9]

In respect of the immunogenicity of non-human antibodies
in humans, their therapeutic application requires humaniza-
tion. Several strategies have been reported to minimize their
immunogenicity.[17–20] Even though in silico methods are de-
scribed for the humanization of chicken-derived antibodies,[21]

the most straightforward method of humanization is based on
the grafting of the six complementarity-determining regions
onto a suitable human antibody acceptor framework.[22] The of-
ten observed reduction of affinity, caused by unfavorable CDR
orientation[22] can be restored by the application of rational de-
sign approaches via mutating key residues (Vernier residues).[23]

Vernier residues are framework amino acids close to the CDRs
and do not contribute directly to the antigen binding but are re-
sponsible for the correct orientation of the CDR loops. The cor-
rect selection of Vernier residues is essential for humanization
purposes by loop transplantation.[23] This time-consuming trial
and error approach involves the generation and characterization
of numerous variants, which does not always result in successful
humanization and thus excludes these antibodies from further
development.[11]

As an alternative approach, the generation of expanded li-
braries, based on multiple amino acid substitutions of predicted
Vernier positions proved to increase the chance of successful
humanization while maintaining parental affinity.[24–27] In recent
years, yeast display emerged as a platform technology that allows
the discrimination between low and high-affinity binders on a
single clone basis. Moreover, it provides an advanced eukaryotic
protein expression apparatus, resulting in the elimination of
misfolded or truncated protein variants before display.[4] Yeast
surface display in combination with fluorescence-activated cell
sorting (FACS) enables the fast identification and selection of
highly affine variants under controlled selection conditions[28]

and in previous publications, our workgroup described the
isolation of chicken-derived antibodies using this strategy.[29–33]

Vernier residue randomization and yeast display library screen-
ing were successfully applied by Kim and co-workers to the
humanization of a chicken-derived phosphothreonine peptide-
specific antibody.[27] Nevertheless, this approach required a
single yeast clone analysis of 30 clones obtained from FACS
screening to identify two candidates with desired binding
characteristics.[27]

Encouraged by these findings indicating that Vernier residue
randomization and high throughput variant screening is a valid
humanization strategy, we investigated in this study, whether
FACS selection of yeast-displayed humanized antibody variants
derived from immunized chickens in combination with next-
generation sequencing facilitates the humanization process. We
compared single-chain variable fragment (scFv) and antigen-
binding fragment (Fab) formats of resulting humanized antibod-
ies and found that our strategy provides access to humanized an-
tibodies possessing superior stability and aggregation properties
while retaining parental affinity.

2. Results

We recently described a procedure for the isolation of chicken-
derived scFvs via yeast surface display and FACS. An exemplary

target was the extracellular domain (ECD) of the epidermal
growth factor receptor (EGFR). The most affine scFvs against
EGFR-ECD termed E1 and E2 displayed similar affinities in the
range (6.8–28) × 10−9 m but comprised different CDR lengths,
different disulfide patterns, and targeted nonoverlapping
epitopes on EGFR (Figure S1, Supporting Information).[29] Since
they differ in multiple structural and functional properties, these
scFvs were chosen for subsequent humanization approaches.

2.1. Library Construction

For the humanization of E1 and E2, the CDRs of the heavy
and light chains were grafted in silico onto human germline
sequences (Table S1 and Figure S2, Supporting Information).
Next, the Vernier residues identified by Nishibori and co-workers
were partially randomized,[23,26] encoding for the original chicken
germline residue or a residue that is commonly found in hu-
man germline sequences at the respective structural position
(Figure S2, Supporting Information).[25] To reduce the number of
oligonucleotides needed, partially degenerated codons were uti-
lized. In some instances, it was tolerated that at some positions
also nonhuman and nonchicken residues were encoded. In sum-
mary, permutations of Vernier residues led to 1024 VH and 288
VL variants, resulting in 2.94 × 105 possible chain combinations.
In a multistep PCR process, oligonucleotides were fused to

full-length VH and VL genes, and the PCR product was analyzed
by Sanger sequencing to confirm the correct assembly of oligonu-
cleotides as well as randomization of Vernier residues (data not
shown). Gap repair cloning with the yeast display vector pCT[5]

resulted in at least 5 × 108 individual clones for the E1 or the E2
library, respectively.
Likewise, for the generation of Fab libraries, the full-length VH

and VL sequences of both humanized clonotypes were incorpo-
rated into the pDest Lambda vector via Golden Gate cloning and
transformed into EBY100 yeast cells.[30,34,35] A library size of at
least 1 × 109 for the E1 library and the E2 library was achieved,
respectively.

2.2. Cell Sorting

All four yeast surface display libraries were screened separately
by FACS. Yeast cells displaying an EGFR-binding antibody frag-
ment were identified by using a recombinant human EGFR-Fc
fusion protein. The initial selection of each library was performed
using 200 × 10−9 m EGFR. The following sorting round was per-
formed using 50× 10−9 m EGFR aimed at isolating higher affinity
variants. Without any exception, two sorting rounds were suffi-
cient for the enrichment of EGFR-binding variants derived from
all four libraries (Figure 1; Figure S3, Supporting Information).

2.3. Next-Generation Sequencing and Analysis

PlasmidDNAof yeast populations of the initial libraries as well as
of the first and second sorting roundswere isolated and amplified
utilizing barcode primers indicating clonotype, antibody format,
sorting round, and a variable domain (Table S2, Supporting Infor-
mation). Amplicons were analyzed by Illumina sequencing and
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Figure 1. YSD Library screening of humanized chicken antibodies of the E2 clonotype. Cells showing both surface presentation (c-myc tag detection for
scFvs or antilambda staining for Fabs) and EGFR-Fc binding signal (Fc domain detection) were sorted according to the depicted gating strategy.

the resulting sequences were pairwise aligned and separated by
barcodes to enable sequence analysis. Initial libraries contained
all possible Vernier residue combinations in VH and VL genes,
indicating a full coverage of potential variants.
Sequencing of sorted EGFR binders revealed that not all

Vernier residues contributed equally to the antigen-binding
properties of humanized antibodies. Throughout sorting, a tryp-
tophan residue at the first Vernier position of the VH sequence
of E2-derived humanized antibody variants, which corresponds
to the human framework, was found to be significantly enriched,
both in Fabs and scFv display constructs (Figure 2A,B,E). In-
terestingly, the original chicken-derived scFv E2 also exhibits a
tryptophan at this position. Humanized VH sequences corre-
sponding to the E1 clonotype showed no enriched occurrence of
the tryptophan at the first Vernier position (W47), representing
a substantial difference between humanized antibodies derived
from E1 and E2 clonotypes (Figure S4; Figure S5, Supporting In-
formation). A significant increase in residue occurrence was also
found for alanine at the second Vernier position of VH (A49) for
both formats, while the other Vernier residues showed only mi-
nor frequency changes, whichwas true for humanized antibodies
corresponding to the E1 and E2 clonotype (Figure 2; Figures S4–
S6, Supporting Information). The first Vernier residue of the E1-
derived VH sequence showed an increase in leucine frequency
upon selection, both in Fabs and scFvs (Figure S6A,B, Support-
ing Information). In both formats, an enrichment of alanine at
the second Vernier position was observed (Figure S6E, Support-
ing Information). Both clonotypes showed only small residue
preferences of single Vernier positions in the VL sequences
(Figure 2C,D; Figure S6C,D, Supporting Information).
Furthermore, sequence analysis revealed the enrichment of

some Vernier residue combinations after two sorting rounds in
comparison with the initial libraries. In the VL sequences, ap-
proximately half of all theoretical residue combinations were
found after functional variant screening (Figure 2C,D; Figure
S6C,D, Supporting Information), while the diversity of residue

combinations was further reduced for the VH enrichment of
functional variants and less than 25% of the possible combina-
tions were found (Figure 2A,B; Figure S6A,B, Supporting Infor-
mation). This indicated the correct orientation of the heavy chain
CDRs beingmore important for antigen binding compared to the
light chain CDRs.[36] Next, three VH and VL variants of the Fab
and three of the scFv library, which showed the strongest enrich-
ment throughout each of the four individual rounds of selection
(Tables S3–S6, Supporting Information), were synthesized syn-
thetically.
A combination of respective 3 × 3 VH and VL chains for

both variants and both antibody formats resulted in 36 differ-
ent humanized VH/VL variants (Tables S7–S10, Supporting
Information). Additionally, for each clonotype and format, se-
quences with only human Vernier residues were synthesized,
corresponding to a simple CDR grafting approach (Table S11,
Supporting Information). Overall, a total number of 40 human-
ized chicken-mAbs were reformatted and expressed for further
characterization. Also, for comparison chicken-derived E1 and E2
were subcloned into a full-length antibody format corresponding
to a chimeric IgG (Table S12, Supporting Information).

2.4. Reformatting and Expression of Humanized Chicken mAbs

Gene strings were used as templates for amplification, incor-
porating SapI sites for subsequent Golden Gate cloning into a
pTT5-derived destination vector utilizing CH1–CH2–CH3 or
Lambda-CL entry vectors, respectively.[32] To reformat scFvs,
amplicons of VH and VL genes were fused into a single chain
format and subsequently inserted into a pTT5-derived vector
modified into a CH2–CH3 entry vector as described. Primers
can be found in Table S12 in the Supporting Information.
Expi293F cells were transiently transfected and after 5 days of

cell growth, sterile filtrated supernatant was either directly used
for Bio-layer interferometry (BLI) measurements or purified via
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Figure 2. Relative enrichment of Vernier position combinations throughout sorting. Next-generation sequencing analysis of humanized clones corre-
sponding to clonotype E2. Clonal frequencies, after two FACS rounds of VH-E2 variants corresponding to antibody formats scFv A) and Fab B), relative to
the respective clonal frequencies of the initial library sequencing. Clonal frequencies, after two FACS rounds of VL-E2 variants corresponding to C) scFv
and D) Fabs, relative to the respective clonal frequencies of the initial library sequencing. Most frequent humanized VH and VL variants (represented
by their different Vernier position amino acids) are highlighted by green arrows. E) Analysis of amino acid distribution corresponding to VH Vernier
positions. Sort-subordinated enriched (green) or decreased (red) proportions (%) of human- and chicken-germline amino acids on Vernier positions,
normalized to their respective initial library abundancies.

Protein A affinity chromatography. All variants were successfully
produced in the range of 20–30 mg L−1. Only the full-length con-
struct of the grafted E1 Fab (gF-E1) (Table S11, Supporting Infor-
mation), where all Vernier residues originated from the human
germline, could not be expressed, underlining the importance of
the correct selection of Vernier residue combinations.

2.5. Protein Characterization

Binding kinetics for all 36 humanized antibodies (clonotypes E1
and E2, 9 Fabs, and 9 scFvs each) were evaluated by BLI. All vari-
ants of clonotype E1 showed single to low double-digit nanomolar
equilibrium dissociation constants (KD), while variants of clono-
type E2 revealed a broad range between single-digit nanomolar to
even triple-digit nanomolar KD values (Figures S7–S10, Support-
ing Information). The most affine variants were purified via Pro-
tein A chromatography with subsequent analysis by SDS PAGE

(Figure S11, Supporting Information). The repeated evaluation
of binding kinetics using the purified protein samples revealed
similar KD values compared to measurements using cell cul-
ture supernatant. Compared to the parental chicken-derived an-
tibody, similar KD values were achieved in humanized variants,
ranging from 1.1- to 2.4-fold altered affinity for the E1 clono-
type or 0.5–4.6-fold for the E2 clonotype, respectively (Table 1).
Additionally, grafted variants of E1 and E2 (gS-E1 and gS-E2)
showed a significantly impaired binding to EGFR compared to
the parental chicken antibody, the humanized antibodies, and
scFv–Fc molecules (hF8-E1, hF1-E2, hS7-E1, and hS9-E2) in BLI
analysis, underscoring the importance of Vernier residue opti-
mization (Figure S12A–D, Supporting Information).
Humanized scFv–Fc fusions and humanized full-length an-

tibodies were further examined regarding their thermal stability
utilizing DSF and aggregation behavior using HPLC-SEC in
native conditions. Full-length antibodies hF8-E1 and hF9-E1
showed favorable melting temperatures of 72.3 and 69.3 °C,
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Table 1. Binding kinetics and thermal stabilities of humanized scFv–Fc and full-length antibodies compared to parental chicken scFv–Fcmolecules (cS-E1
and cS-E2).[29] Standard error determination of kinetic parameters was calculated using ForteBio data analysis software 9.0 incorporating at least four
different antigen concentrations..

Clonotype
E1

KD [× 10−9 m] Kon [m
−1 s−1] Kdis [s

−1] KD factor Kon factor Kdis factor TM [°C]

hF8-E1 7.6
± 0.1

1.08 × 105

± 6.8 × 102
8.19 × 10−4

± 3.7 × 10−6
1.1 0.32 2.81 72.3

hF9-E1 9.6
± 0.1

1.18 × 105

± 3.2 × 102
1.13 × 10−3

± 1.8 × 10−6
1.4 0.35 2.04 69.3

hS6-E1 16.1
± 0.1

1.1 × 105

± 1.1 × 103
1.76 × 10−3

± 4.6 × 10−6
2.4 0.32 1.31 54.6

hS7-E1 9.7
± 0.1

1.37 × 105

± 4.4 × 102
1.33 × 10−3

± 2.2 × 10−6
1.4 0.4 1.73 60.0

cS-E1 6.8
±0.1

3.4 × 105

± 1.6 × 103
2.3 × 10−3

± 6 × 10−6
1 1 1 57.2

Clonotype
E2

KD [× 10−9 m] Kon [m
−1 s−1] Kdis [s

−1] KD factor Kon factor Kdis factor TM [°C]

hF1-E2 33.5
± 0.7

1.97 × 105

± 4.1 × 103
6.58 × 10−3

± 4.7 × 10−5
1.2 0.66 1.32 71.0

hF8-E2 12.9
± 0.3

1.96 × 105

± 3.7 × 103
2.54 × 10−3

± 2.2 × 10−5
0.5 0.65 3.43 67.8

hS2-E2 128
± 2.7

1.23 × 105

± 1.6 × 103
1.69 × 10−2

± 6.6 × 10−5
4.6 0.41 0.51 51.1

hS9-E2 37.1
± 0.9

2.08 × 105

± 3.9 × 103
7.72 × 10−3

± 4.6 × 10−5
1.3 0.69 1.13 54.5

cS-E2 28
± 0.3

3.00 × 105

± 7.5 × 103
8.7 × 10−3

± 2.1 × 10−5
1 1 1 53.9

Protein characteristics of chicken scFv–Fc molecules cS-E1 and cS-E2 (red) and humanized full-length antibodies and scFv–Fc molecules (green). KD factor =
KD (humanized clone)/KD (parental chicken clone) . Kon factor = Kon (humanized clone)/Kon (parental chicken clone). Kdis factor = Kdis (parental chicken clone)/Kdis (humanized clone).

respectively, while the humanized scFv variants hS6-E1 and
hS7-E1 revealed typical melting temperatures of 54.6 and 60 °C,
which is in accordance to melting temperatures reported for hu-
man and humanized scFvs[37,38] (Table 1; Figure S13, Supporting
Information). In the case of the humanized full-length antibodies
and scFv–Fc fusions belonging to clonotype E2, thermal stability
determination revealed generally lower melting temperatures,
probably resulting from the thermal stability of the parental
chicken scFv E2.[37,38] SEC protein aggregation measurements
of the humanized full-length antibodies hF8-E1 and hF9-E1
revealed 0.0% and 2.98% aggregates, respectively, indicating
superior properties compared to the parental antibody (Fig-
ure 3A; Figure S14A,B, Supporting Information). Surprisingly,
the full-length antibodies hF1-E2 and hF8-E2 exhibited 25.23%
and 44.29% of multimers, whereas the scFv–Fc constructs
hS2-E2 and hS9-E2 with 93.15% and 96,45% of the monomeric
fraction were superior compared to the parental chicken scFv–Fc
protein (Figure S14C, Supporting Information). Addition-
ally, it was investigated, whether the humanized antibody
candidates (hF8-E1, hS7-E1, hF1-E2, and hS9-E2) and the
parental chicken antibodies (cS-E1 and cS-E2) demonstrate
binding to EGFR-positive A431 cells (Figure 3B). All antibodies
bound to A431 cells in a concentration-dependent manner, while
all humanized antibody variants demonstrated cell binding
comparable to the respective chicken antibody. Calculated EC50

values of humanized antibody variants hF1-E2 and hS9-E2 were
in the same range as the EC50 value of the chicken antibody
cS-E2. While hS7-E1 demonstrated a similar EC50 value related
to the parental chicken antibody cS-E1, hF8-E2 showed slightly
impaired binding to EGFR positive A431 cells (Figure 3B). Com-
paring the protein characteristics of our humanized antibody
variants we identified two lead candidates (hF8-E1 and hS9-E2),
possessing restored affinity, elevated thermal stability, and
improved aggregation behavior compared to the parental
chicken antibody (Figure 3 and Table 1; Figure S14, Supporting
Information).

3. Discussion

In this work, we aimed at establishing a humanization strategy
for chicken-derived antibodies by a combination of yeast surface
display and next-generation sequencing. It starts from CDR
grafting onto a human germline framework and is based on
the randomization of Vernier residues, key residues for CDR
orientation. Exemplarily, the CDRs of two chicken-derived scFvs
were grafted onto a human acceptor framework. Simultaneous
randomization of 10 Vernier residues in the VH and VL do-
mains resulted in yeast libraries expressing humanized scFv
and Fab fragments. Via YSD and FACS, high affine antibodies
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Figure 3. A) Determination of protein aggregation behavior by size exclusion chromatography of humanized variants hF8-E1, hF9-E1, hS6-E1, hS7-E1,
hF1-E2, hF8-E2, hS2-E2, and hS9-E2. B) Flow-cytometric analysis of A-431 cells using the humanized full-length antibodies hF1-E2, hS9-E2, hS7-E1, hF8-
E1, and the chicken-derived antibodies cS-E1 and cS-E2. EC50 values and standard deviations were calculated using data from experimental triplicates.

were isolated, and the sequences were verified by NGS. It was
observed that the Vernier residues enriched after two sorting
rounds correlate between both antibody formats (Figure 2A,B;
Figure S6A,B, Supporting Information). A similar strategy was
applied by Nishibori et al. using a phage display strategy. For this
type of humanization strategy, the known feature of yeast surface
display selection to discriminate between low and high-affinity
binders allows for the fast enrichment of sequences encoding
functional antibody fragments. Phage display screening required
seven rounds of panning and phage amplification,[26] while YSD
required only two screening rounds to enrich high-affinity
binders. While in previous work by Nishibori et al. the “most
humanized” antibodies from their phage display campaign after
panning were selected,[26] we identified variants that showed
the strongest enrichment within two rounds of sorting by
NGS. Due to FACS-assisted sorting, a more stringent selection
could be performed and the number of screening rounds was
significantly reduced, resulting in a fast and convenient human-
ization process. Furthermore, we investigated the possibility
to transform scFv molecules into full-length antibodies during
humanization. This combines the fast library generation and
screening process of single-chain antibodies[31] with the foreseen
beneficial properties of full-length mAbs.[39]

While aiming at reducing immunogenicity, the main issue
in humanization campaigns is to restore the properties of the
parental antibody. Our combinatorial approach of shuffling the
most frequent VH and VL domains for each format and clono-
type resulted in a large variety of antibodies retaining the parental
antibody affinity and exhibiting superior biophysical properties.
The higher thermal stability of all E1 variants compared to the
E2 clonotypes is most probably caused by a predicted disulfide
bond within the CDR-H3. Additional disulfide bonds are often
observed within chicken-derived antibodies and can be used to
engineer other semisynthetic scaffolds facilitating higher stabil-
ity and complexity of CDRs and binding loops.[16,40,41]

The utilized human acceptor framework VH3-23 (DP-47)
is one of the most frequently found in vivo[42] and is also fre-

quently used for therapeutic antibodies, underlining its favorable
biophysical properties.[43] Since the tendency toward aggrega-
tion was mostly found in E2-derived full-length antibodies, we
assume this was due to switching of the antibody format.
Except for gF-E1, all grafted variants were producible in Ex-

piHEK293F cells but failed to show specific binding of EGFR.
These results underline the importance of the correct choice of
Vernier residues to facilitate expression and high-affinity bind-
ing. Even though NGS analysis revealed no major differences
in Vernier residue frequency between scFvs and Fabs, there
were significant differences between E1 and E2, predominantly
at position 47 of the VH. While E2 showed an enrichment of
the human-like residue tryptophan at that position, in E1 the
non-human/non-chicken residue leucine was more frequently
present. Since it is not predictable which residue facilitates favor-
able binding behavior, a library based-approach as performed in
this study is mandatory for the humanization of chicken-derived
antibodies.
We analyzed the sequences of humanized antibodies that were

approved in the United States between 2018 and March 2020
and compared their germline identity with the germline iden-
tity of our humanized variants (Table S13, Supporting Informa-
tion). For the approvedmAbs, the identity of the VH sequences to
their respective germlines ranged between 76.5% and 87.8%. The
humanized chicken-derived antibodies presented in this study
ranged between 83.7% and 85.7% and are therefore on average at
least as close to the human germline as approved antibodies. VL
sequences of approved mAbs ranged between 80.0% and 92.9%
identity to their respective germline. The humanized E1 and E2
VL sequences resulted in a comparable range between 77.1% and
80.9% identity. In respect to the overall germline identity of the Fv
fragments, chicken-derived antibodies humanized in this study
(80.9–82.8%) are as close to the human germline as approved hu-
manized antibodies (79.7–85.5%).
To gain deeper insights into the potential immunogenicity of

the humanized E1 and E2 variants, we analyzed peptides derived
from the Fv fragments for their binding ability toward MHCII in
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silico (Table S13, Supporting Information). We found 4 strong
MHCII binding peptides in all VH domains, which was very
similar to what we found in approved humanized antibodies.
In respect to weak binding peptides, the calculated number of
peptides ranged from 8 to 16 in humanized chicken mAbs and
6 to 15 in approved antibodies. While the VL domains exhibited
no strong MHCII binding peptides, the approved antibodies
comprised up to 5 strongly immunogenic peptides. Between
7 and 9 weak MHCII binding peptides were found in the VL
of humanized chicken mAbs from this work, while approved
antibodies exhibited 4 to 22. This underlines the suitability of
our approach for the humanization of avian-derived antibodies.
An alternative approach for chicken antibody humanization

was recently described by Symphogen using a strategy termed
“mass complementarity-determining region grafting.”[11] Here,
several dozens of promising chicken antibodies were individually
humanized via CDR grafting on several human frameworks fol-
lowed by in silico modeling and generation of up to four Vernier
variants for each clonotype. With this approach, a significant
fraction of clonotypes was lost, when none of the Vernier vari-
ants displayed target affinity.[11] While this approach is partially
based on the alteration of a single Vernier position, located in
the VH framework region 3, we identified 2 Vernier positions
(VR49 for E1 and VR47 and VR49 for E2) within the VH frame-
work region 2, which showed the strongest enrichment of cer-
tain amino acids after two rounds of cell sorting and analysis via
NGS resulting in the successful humanization of both chicken
antibodies. Since we used a simple Golden Gate cloning strategy
for library generation and inexpensive degenerated primers for
Vernier residue randomization, simultaneous humanization of a
larger set of clonotypes could be envisioned. With approximately
300 000 Vernier combinations of each clonotype, the library di-
versity is relatively small compared to the screening capacities
of a high throughput FACS device. Hence, it might be feasible
to combine randomized candidates of several clonotypes for si-
multaneous two-round-FACS screening followed by NGS analy-
sis, thereby potentially enhancing the hit rate and hit quality of a
whole binder set.
Since all chicken-derived antibodies originate from a limited

pool of homologous pseudogenes, the presented method is most
probably suitable for the humanization of almost all chicken-
derived antibodies. Currently, a large set of chicken-derived
antibodies, humanized with the described method are under
investigation by our group.
Taken together, we demonstrated a fast and easy approach

to transform chicken-derived scFvs into humanized scFv–Fc fu-
sions and full-length antibodies, exhibiting superior properties
compared to the parental variant while being as human as state-
of-the-art humanized approved antibodies. This further eases the
path to utilize avian immunization for the development of hu-
manized chicken-derived antibodies for therapeutic applications.

4. Experimental Section
Plasmids: For the display of scFv molecules on yeast cells the pCT vec-

tor was used.[5] It encodes an ampicillin resistance gene and a tryptophan
auxotrophic marker, as well as a GAL1 promoter, Aga2p expression se-
quence, and the respective scFv gene. For the display of Fab fragments,

the pDest Lambda vector, as well as the entry vector of Rosowski et al.
was utilized.[34,35] The entry vector carries a kanamycin resistance, and a
GAL1,10 promotor, flanked by BsaI sites. The destination vector carries an
ampicillin resistance, a tryptophan auxotrophic marker, a human Lambda-
CL, a stuffer sequence flanked by BsaI sites, a human CH1 domain, as well
as the Aga2p expression sequence.

For soluble expression of mAbs, a pTT5-derived vector (Expresso CMV-
based system, Lucigen), was utilized carrying ampicillin resistance. It was
used as a destination vector carrying SapI sites for Golden Gate cloning.
As entry vectors, pYD-derived plasmids carrying a kanamycin resistance
were utilized. For the reformatting of heavy chains, an entry vector com-
prising the CH1–CH2–CH3 sequences were used. For the expression of
light chains, a precloned Lambda-CL comprising entry vector was utilized
while scFvs were reformatted with a CH2–CH3 entry vector.[32]

Library Design and Library Generation: CDR-H1-3 of both chicken-
derived scFv variants E1 and E2were grafted in silico onto human germline
acceptor frameworks IGHV3-23 and JH4, whereas the CDR-L1-3 were
grafted onto the human germlines IGLV3-25 and JL2.[26] In accordance,
the Vernier residues of the heavy chain (H47, 49, 67, 75, 76, and 78) and the
light chain (L46, 66, 69, and 71) were partially randomized using oligonu-
cleotides containing degenerated codons.[26] Oligonucleotides were or-
dered at Sigma-Aldrich (Table S1, Supporting Information). In a three-step
PCR process, oligonucleotides were fused resulting in full-length human-
ized VH and VL genes of both clonotypes, exhibiting overhangs for Golden
Gate cloning via BsaI and were used for subcloning as described.[34,35]

In an additional fourth PCR reaction, VH and VL genes were fused into
an scFv format encoding a (G4S)3 linker and containing terminal over-
hangs homologous to the pCT vector for gap repair in yeast as described
previously.[5,29] All PCR reactions were performed utilizing Q5 polymerase
(New England Biolabs) according to themanufacturer’s protocol and were
purified via the Wizard SV Gel and PCR Clean-up System (Promega). Each
yeast surface display library was generated separately according to Bena-
tuil et al.[44]

Yeast Strains andMedia: For yeast surface display library generation Sac-
charomyces cerevisiae strain EBY100 [MATa URA3-52 trp1 leu2Δ1 his3Δ200
pep4:HIS3 prb1Δ1.6R can1 GAL (pIU211:URA3)] (Thermo Fisher Scien-
tific) was utilized. Cultivation was performed in a YPDmedium composed
of 20 g L−1 peptone/casein, 20 g L−1 glucose, and 10 g L−1 yeast extract.
After library generation, yeast cells were cultivated in SD-CAA media com-
prised of 5.4 g L−1 Na2HPO4 and 8.6 g L−1 NaH2PO4 × H2O, 20 g L

−1

glucose, 5 g L−1 ammonium sulfate, 1.7 g L−1 yeast nitrogen base (without
amino acids), and 5 g L−1 bacto casamino acids. For induction of scFv or
Fab display, cells were transferred into SG-CAA media, containing galac-
tose instead of glucose and incubated at 30 °C, 180 rpm overnight. Yeast
cell cultivation using agar plates was performed with SD-CAA medium
supplemented with 7% agar–agar.

Cell Sorting and Flow Cytometry: Before each cell sorting, yeast cells were
cultivated overnight in an SD-CAA medium. Cells were transferred to the
SG-CAA medium, at an initial cell density of approximately 1 × 107 cells
mL−1. To ensure sufficient display levels, cells were incubated at least for
12 h. All incubation steps were performed at 180 rpm and 30 °C. Yeast
cells were separated by centrifugation and washed with 1 mL of PBS (pH
7.4) containing 0.1% (w/v) bovine serum albumin (BSA) (5 × 107 cells
mL−1 PBS) before proceeding with the immunostaining procedure (1 ×
107 cells/20 𝜇L). The surface display of assembled Fab molecules was de-
tected using the antihuman lambda Alexa Flour 647 (AF647)-conjugated
antibody (SouthernBiotech). The validation of scFv display was enabled
by using anti-c-myc biotin antibody (Miltenyi Biotech) and streptavidin–
allophycocyanin (APC) (Fisher Scientific). EGFR-Fc (R&D Systems) served
as the antigen. To detect EGFR binding goat antihuman IgG Fc secondary
antibody PE (Invitrogen) was utilized. Cell sorting and flow cytometric
analysis were performed using the BD Influx cell sorter and the BD FACS
software 1.0.0.650. Sorted yeast cells were transferred onto SD-CAA agar
plates and incubated for at least 48 h. Concerning the maintenance of di-
versity, in the subsequent sorting round at least 50–100-fold the number
of sorted cells of the prior round was screened. To determine the ability
of the humanized and parental chicken antibodies to bind EGFR-positive
cells, A431 cells were trypsinized andwashedwith PBS (pH 7.4) containing
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0.1% (w/v) BSA before proceeding with the immunostaining procedure. 2
× 107 cells were incubated for 30 min in 100 𝜇L of the respective antibody
solution. Cells were washed two times with 200 𝜇L PBS (pH 7.4) 0.1%
(w/v) BSA, followed by 30 min incubation in 50 𝜇L PBS (pH 7.4) 0.1%
(w/v) BSA containing 1 𝜇g goat antihuman IgG Fc secondary antibody PE
(Invitrogen). After two additional wash steps with 200 𝜇L PBS (pH 7.4)
0.1% (w/v) BSA cells were analyzed using the BD Influx cell sorter and the
BD FACS software 1.0.0.650.

Next-Generation Sequencing and Sequence Analysis: Yeast cell popula-
tions of the initial libraries as well as of the first and second sorting rounds
were cultivated in SD-CAAmedia and harvested after overnight incubation
at 30 °C at 180 rpm. Plasmids were isolated utilizing the Zymoprep Yeast
Plasmid Miniprep kit (Zymo Research). VH and VL genes were amplified
separately for each library and sorting round using barcode primers
(Table S2, Supporting Information). Amplicons were purified from an
agarose gel and used as a template for a second PCR reaction utilizing
the same primer pairs. PCR reactions were performed utilizing Q5 poly-
merase (New England Biolabs) according to the manufacturer’s protocol
and purified using the Wizard SV Gel and PCR Clean-up System. For
next-generation sequencing, the VH and VL amplicons of each clonotype
were sent to Genewiz for Illumina sequencing. The resulting sequences
were analyzed using Geneious Prime 2019.0.4.

Reformatting, Expression, and Purification of Antibodies: VH and VL genes
were ordered as gene strings from TwistBioscience. For reformatting as
full-length antibodies, VH and VL genes were amplified utilizing primers
incorporating terminal SapI sites for Golden Gate cloning. Amplicons
were inserted into a pTT5-derived vector utilizing the CH1-CH2-CH3 or
lambda entry vectors,[32] respectively, according to the manufacturer’s
protocol. PCR reactions were performed utilizing Q5 polymerase (New
England Biolabs) according to the manufacturer’s protocol and purified
using the Wizard SV Gel and PCR Clean-up System (Promega). For scFvs,
the VH and VL genes were amplified incorporating terminal overhangs
and SapI sites, respectively. Via overlap extension PCR, amplicons were
fused into an scFv format and subcloned into a pTT5-derived vector
utilizing the CH2–CH3 entry vector according to the manufacturer’s
protocol.

Escherichia coli DH5𝛼 were transformed utilizing the Golden Gate reac-
tion mixtures and were cultivated on ampicillin dYT agar plates (10 g L−1

tryptone, 5 g L−1 yeast extract, 10 g L−1 NaCl, and 10 g L−1 agar–agar). Re-
sulting colonies were directly sequenced at MicroSynth SeqLab, and pos-
itive clones were utilized to inoculate 50 mL overnight cultures. Plasmid
DNA was isolated using the Promega PureYield Plasmid Midiprep System
and used for transient transfection.

Expi293F cells were cultivated in 30 mL Expi293 Expression Medium
(ThermoFisher) for two days at 37 °C and 8.0% CO2 at 110 rpm. Tran-
sient transfectionwas performed utilizing Transporter 5 polyethyleneimine
(PEI) according to themanufacturer’s protocol (Polyscience). After 5 days,
cell culture supernatants were sterile filtrated and either directly used for
the determination of binding kinetics or further purified. Purification was
performed using an ÄKTA Pure 25L FPLC systemwith HiTrap Protein A HP
columns (GE Healthcare) according to the manufacturer’s protocol. Sub-
sequently, buffer exchange against PBS (pH 7.4) was performed utilizing
HiTrap Desalting columns (GE Healthcare).

Biolayer Interferometry: Before protein purification and further char-
acterization, biolayer interferometry was used to identify most affine
humanized scFv–Fc and full-length antibody variants. The Octet RED96
system (FortéBio, Molecular Devices) was utilized. Antihuman IgG Fc
capture (AHC) biosensors were soaked in PBS (pH 7.4) for at least 10 min
before capturing the humanized antibody variants from the cell culture
supernatant. Quenching and dissociation steps were performed using
Kinetics buffer (ForteBio) diluted 1:10 in PBS (pH 7.4). EGFR-ECD (pro-
duced in house) concentrations ranged from 3.75 × 10−9 to 960 × 10−9

m, depending on the antibodies’ clonotype (E1/E2). For each experiment,
a negative control was performed using kinetics buffer instead of the
antigen-containing solution. Data analysis was performed with ForteBio
data analysis software 9.0. After subtraction of the respective negative
control (using kinetics buffer instead of EGFR), binding kinetics were
determined based on Savitzky–Golay filtering and a 1:1 Langmuir binding

model. Binding kinetics of hF8-E1, hF9-E1, hS6-E1, hS7-E1, hF1-E2,
hF8-E2, hS2-E2, and hS9-E2 were redetermined using purified protein
samples.

Size Exclusion Chromatography: Size exclusion chromatography was per-
formed using the Agilent Technologies 1260 Infinity system. 10 𝜇g of pro-
tein was injected on a TSKgel SuperSW3000 column (Tosoh) applying a
constant flow rate of 0.35 mL min−1 using sterile filtered and degassed
PBS (pH 7.4).

Nanodifferential Scanning Fluorimetry Measurement: The thermal stabil-
ity of proteins was evaluated using the Prometheus NT.48 system (Nan-
otemper Technologies). Prometheus NT.48 capillaries were loaded with
10 𝜇L of protein solution (0.4 mg mL−1 in PBS pH 7.4). Melting temper-
ature was determined by the ratio of the fluorescence’s first derivative at
330 and 350 nm during a temperature gradient of 1 °Cmin−1 ranging from
20 to 90 °C.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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