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ABSTRACT
In this study, we generated a novel library approach for high throughput de novo identification of 
humanized single-domain antibodies following camelid immunization. To achieve this, VHH-derived 
complementarity-determining regions-3 (CDR3s) obtained from an immunized llama (Lama glama) 
were grafted onto humanized VHH backbones comprising moderately sequence-diversified CDR1 and 
CDR2 regions similar to natural immunized and naïve antibody repertoires. Importantly, these CDRs were 
tailored toward favorable in silico developability properties, by considering human-likeness as well as 
excluding potential sequence liabilities and predicted immunogenic motifs. Target-specific humanized 
single-domain antibodies (sdAbs) were readily obtained by yeast surface display. We demonstrate that, 
by exploiting this approach, high affinity sdAbs with an optimized in silico developability profile can be 
generated. These sdAbs display favorable biophysical, biochemical, and functional attributes and do not 
require any further sequence optimization. This approach is generally applicable to any antigen upon 
camelid immunization and has the potential to significantly accelerate candidate selection and reduce 
risks and attrition rates in sdAb development.
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Introduction

Antibody therapeutics have proven to be of utmost relevance 
for disease treatment.1 This is exemplified by the fact that in 
2022 antibody-based derivatives accounted for 30% of all enti
ties that were granted marketing access by the US Food and 
Drug Administration.2 Furthermore, within the biopharma
ceutical sector, monoclonal antibody (mAb) therapeutics 
represent the dominant modality with respect to approval 
numbers and revenues.3

Along with canonical heterotetrameric antibodies composed 
of heavy chains and light chains, the adaptive immune system of 
camelids comprises homodimeric antibodies consisting of heavy 
chains only and devoid of light chains.4,5 Intriguingly, these 
heavy chain-only antibodies (HcAbs) exploit paratopes com
posed of a single domain, referred to as VHH (variable domain 
of the heavy chain of a heavy chain-only antibody). Although 
only three complementarity-determining regions (CDRs) con
tribute to antigen binding compared with six CDRs of canonical 
antibody paratopes, VHH domains displaying affinities in the 
sub-nanomolar range and high specificities for a cognate anti
gen can readily be generated.6–9 Additional inherent beneficial 
attributes include their small size, which might be beneficial for 
tissue penetration,10 as well as generally good physicochemical 
stability.11,12 Moreover, the simple molecular architecture of the 

VHH domain enables a plethora of engineering options with 
respect to the generation of bi- and multispecific antibody 
designs involving different paratope valences and spatial orien
tations of individual domains within a molecule.13–16 

Accordingly, camelid-derived single-domain antibodies 
(sdAbs) emerged as promising modalities for therapeutic 
applications.17 As of mid-2023, three VHH-based antibody 
therapeutics, caplacizumab,18 envafolimab,19 and 
ozoralizumab,20 have been approved by different health 
authorities.21 However, the foreign nature of camelid-derived 
VHH domains poses an obstacle for therapeutic utilization due 
to the risk of immunogenicity and anti-drug antibody (ADA) 
development. While humanized VHHs can be generated using 
synthetic library approaches,22,23 the humanization of VHHs 
from immunized camelids remains a laborious procedure invol
ving the isolation of target-specific paratopes followed by 
sequence modulation (resurfacing),24 CDR grafting,25 or other 
recently described in silico workflows.26 Often, such sequences 
require multiple cycles of optimization toward a favorable early 
developability profile, considering aspects like chemical liabil
ities, post-translational modifications, immunogenicity, or 
aggregation tendency. In some cases, it might not be possible 
to optimize such hits toward a favorable overall profile.27
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Recently, Teixeira et al. implemented a semi-synthetic anti
body library approach that explicitly takes into account devel
opability and functional compatibility of antibody framework 
and CDR regions.28 In their library design, CDR-H3 regions 
were directly amplified from B cells of 10 healthy adult human 
donors and incorporated into four paired human frameworks. 
These frameworks were selected from a diverse panel of well- 
behaved antibodies known for their favorable biophysical 
characteristics29 and at the same time cover different germline 
families, thereby assuring structural and sequence diversity in 
the library to improve the ability to select binders against 
different antigens. Finally, to optimize for developable 
sequences within these frameworks, human CDR-L1-3s and 
CDR-H1-2s as found in human next-generation sequencing 
(NGS) data were purged from defined sequence motifs related 
to chemical instability, PTMs, polyreactivity, and surface 
hydrophobic patches.

In this work, we generated a generic high-throughput 
approach for the de novo isolation of humanized and in silico 
optimized sdAb panels following camelid immunization. To 
this end, VHH-derived CDR3 regions were amplified from the 
peripheral blood mononuclear cell (PBMC) repertoire of a 
recombinant human (rh) NKp46-immunized llama (Lama 
glama) and grafted onto two different humanized VHH back
bone libraries harboring different hallmark residues in frame
work region 2 (FR2). Both backbone libraries were diversified 
in CDR1 and CDR2 to potentially compensate for a loss of 
affinity contributed by amino acid modification introduced 
through somatic hypermutation during the course of immu
nization (Figure 1a). To this end, sequence distributions 
observed in NGS datasets of non-immunized as well as immu
nized camelids and naïve human antibody repertoires served 
as starting point (Figure 1b, Supplementary Figure S1). By 
applying different in silico filters, this sequence diversity was 

Figure 1. Overview of the library construction process. (a) The VHH CDR3 diversity was amplified from cDNA derived from PBMCs of an immunized llama and grafted 
onto humanized and sequence optimized sdAb backbones with artificially diversified CDR1 and CDR2 regions. (b) Library design for the humanized backbone libraries. 
The framework (FR) regions were derived from human IGHV3-23 × 1. Two humanized libraries were generated with different hallmark (HM) signatures, referred to as 
FERF and VGLW libraries. Residues used in combinatorial diversification of CDR1 and CDR2 are given in cyan and bold. Amino acids observed with frequencies of more 
than 4% in NGS data sets of WT llama repertoires, which were eliminated from the final design due to in silico developability and diversity aspects are indicated in gray. 
Figure generated using www.biorender.com and PyMOL software version 2.3.0.
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tailored toward favorable developability properties, consider
ing aspects such as human-likeness, predicted chemical liabil
ities and major histocompatibility complex II (MHC-II) 
binding. Screening those libraries via yeast surface display 
(YSD)30,31 in direct comparison to the wild-type (WT) VHH 
library revealed a similar enrichment and comparable 
sequence diversity of the selection output, while exhibiting a 
significantly increased human-likeness and computed physical 
and chemical stability profile32. Biophysical, biochemical, and 
functional characterization of the resulting molecules showed 
further favorable inherent attributes of de novo humanized 
sdAbs. Ultimately, we demonstrate that this novel approach 
of de novo high-throughput humanization enables the one- 
step isolation of humanized and sequence-optimized sdAbs 
displaying comparable affinities to corresponding WT VHHs 
as well as favorable early signs of developability.

Results

Library design strategy for the de novo isolation of 
humanized sdAbs from camelid immune repertoires

Within this work, we aimed at generating a novel approach for 
the high throughput de novo isolation of humanized sdAbs 
after immunization of camelids. To this end, we developed a 
semi-immune/semi-synthetic strategy that relies on grafting 
the PBMC-amplified VHH CDR3 repertoire of llamas follow
ing immunization onto two humanized backbone libraries 
(Figure 1a). Based on sequence similarities between camelid 
VHH domains and the corresponding human VH germline 
sequences, both humanized backbone libraries were derived 
from human IGHV3–23 × 1 (Figure 1b, Supplementary Figure 
S1). As shown in Supplementary Table S1, IGHV3–23 × 1 
shares high overall sequence similarity with the llama or alpaca 
V gene repertoire (https://www.imgt.org), and therefore repre
sents a suitable general template for VHH humanization26. In 
detail, sequence identities of IGHV3–23 × 1 are in the range of 
81.2–92.5% in the framework region (with most differences 
not located in Vernier positions) to the most prevalent V- 
genes observed in alpaca and llama repertoires. Leu11 (accord
ing to Kabat numbering) was replaced by valine aiming to 
reduce the reactivity to preexisting ADAs.33,34 Essentially, the 
two libraries differed in their framework region 2 (FR2) hall
mark residue signatures. It is known that camelid VHH hall
mark residues in FR2 (37F, 44E, 45 R, and 47F) encoded in 
dedicated V germline genes contribute to the overall stability 
of the VHH domain35,36. These hallmark residues reshape the 
classical VL interface and are considered to largely contribute 
to the high water solubility of this domain.37 In line with this, 
the VHH hallmark motif, as well as subtle modified versions 
thereof, was also predominant in VHHs from non-immunized 
llamas, as observed from NGS datasets of naïve camelids 
(Supplementary Table S2). Intriguingly, we found a subset 
(7.2%) of variable domains belonging to the HcAb repertoire 
(here, the V domain is directly fused to the hinge region 
without domain CH1) without this hallmark signature (com
prising 37 V, 44 G, 45 L, and 47W; Supplementary Table S2). 
Previously, it was shown that such autonomous V domains can 
display acceptable biophysical attributes and are capable of 

binding their cognate antigens with high affinities.13 

Importantly, residues at these hallmark positions are identical 
to the closest corresponding human germline.

Consequently, we designed a humanized backbone library 
comprising hallmark signatures of camelid VHH domains 
(37F, 44E, 45 R, and 47F, referred to as FERF library) and a 
second humanized library harboring the classical V signature 
(V37, G44, L45, and W47 termed VGLW library). To compen
sate for a potential loss of affinities caused by mutations of 
residues in CDR1 and CDR2 as introduced by somatic hyper
mutation during the course of immunization, we moderately 
diversified both CDRs (Figure 1). Assuming that the final yeast 
surface display library is limited to a size of 108 − 109 different 
clones,30 we aimed to diversify the CDR1 and CDR2 regions to 
a final number of 104 different sequence variations in the 
combinatorial library. Diversification of specific residues in 
those regions was ‘inspired’ by the amino acid distribution 
found in naïve and immunized llamas, considering only resi
dues that appeared with a relative frequency of ≥4% at each 
specific position. This list was further reduced by eliminating 
residues that would result in 1) highly susceptible chemical 
liability motifs (NG, DG, methionine, and unpaired cysteine),
38 2) N-glycosylation motifs (N-X-S/T), 3) strong predicted 
MHC-II binding peptide motifs, 4) with respect to diversity in 
terms of amino acids charge, size, and hydrophobicity, and 5) 
occurrence in the equivalent positions in NGS data of human 
antibody repertoires (Supplementary Figure S1). This proce
dure resulted in a theoretical combinatorial backbone library 
space of 1.04 × 104 variants (in CDR1 and CDR2). A stuffer 
region was exploited instead of CDR3, encoding for multiple 
stop codons in every possible reading frame that harbored 
multiple Bsa I restriction sites for CDR3 diversity engraftments 
by homologous recombination. For the amplification of CDR3 
repertoires from immunized llamas, primers were designed 
that convert camelid FR3 and FR4 positions into human 
counterparts during polymerase chain reaction 
(Supplementary Table S3). Both humanized backbone libraries 
were generated for yeast surface display and importantly, NGS 
analysis revealed that the constructed libraries matched fairly 
well with the initial designs with respect to the amino acid 
distribution in CDR1 and CDR2 (Figure 2).

CDR3 engraftments onto humanized libraries enable the 
enrichment of sequence-diverse panels of antigen-specific 
sdAbs by YSD

To investigate whether this semi-synthetic, semi-immune 
library approach allows for the de novo isolation of humanized 
camelid-derived sdAbs similar to the conventional VHH iso
lation procedure by YSD,7 we opted for PBMC-derived total 
RNA of a recombinant human (rh) NKp46-immunized llama 
as template for the generation of both humanized libraries. For 
direct comparison, we also constructed a conventional VHH 
library based on the same starting material.7 NKp46 is an 
activating receptor on natural killer (NK) cells belonging to 
the group of natural cytotoxicity receptors.39 It was shown by 
Vivier and coworkers as well as by our group that NKp46 can 
be harnessed for efficient NK cell redirection.40–43 In order to 
generate both humanized libraries (FERF and VGLW, 
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respectively), the VHH-derived CDR3 repertoire was ampli
fied in a one-step PCR with oligonucleotides annealing to FR3 
and FR4 (Supplementary Table S3). The CDR3 stuffer regions 
of both backbone library plasmids were digested using BsaI 
and individual CDR3-engrafted humanization libraries were 
constructed in a homologous recombination-based process 
referred to as gap-repair cloning.44 All three resulting libraries 
were subjected to library selection by fluorescence-activated 
cell sorting (FACS). To this end, a two-dimensional labeling 
strategy was exploited to simultaneously select for (rh) NKp46 
binding and full-length sdAb display.45 To potentially also 
select for antibody-derivatives displaying lower affinities for 
(rh) NKp46, an antigen concentration of 1 µM was used. 
Within the first round of selection, we already observed a 
distinct antigen-binding population for both humanized 
libraries similar to the WT VHH library, and after two sorting 

rounds in total, we were able to significantly enrich for anti
gen-binding populations from all three libraries (Figure 3a). 
From the sorting output, 96 clones from each library were sent 
for sequencing. We merged the set of (3 × 96=) 288 sequences 
and applied a clustering strategy based on CDR3 length and 
50%, 85%, or 100% sequence identity of the CDR3 sequence, 
assuming that sequences within the same clusters will bind to 
the same epitope. Encouragingly, inspection of the clusters 
revealed sequences with identical or similar CDR3s that origi
nated from the different libraries (WT, FERF or VGLW, 
Figure 3b, Supplementary Table S4). However, there were 
also a few CDR3 clusters harboring only sequences from one 
of the three different libraries. As expected, within identical 
CDR3 clusters, we observed a certain diversity of the CDR1 
and CDR2 sequences. Indeed, there was no occasion where 
WT or designed library sequences had identical CDR1-CDR2- 

Figure 2. Amino acid distribution of CDR1 and CDR2 of non-immunized llamas compared with artificially designed diversities and observed compositions in humanized 
sdAb libraries. Corresponding CDR residues of human germline IGHV3-23 × 1 given below. Amino acid distributions were observed by NGS.
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Figure 3. Yeast surface display enables the isolation of (rh) NKp46-targeting sdAbs from both humanized libraries. (a) FACS-based enrichment of the FERF, VGLW, and 
the WT libraries by applying a two-dimensional sorting strategy for simultaneous detection of antigen binding and full-length sdAb display. Two consecutive rounds of 
selection (Round 1 and Round 2) were conducted for each library. (b) Similarity of CDR3 sequences as analyzed by UMAP dimensionality reduction. Each dot represents 
the CDR3 of an individual VHH sequence. Dots are colored based on the library origin (FERF shown in blue, VGLW in green, and WT given in gray).
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Table 1. CDR1–3 and hallmark (HM) sequences of immunized llama WT or humanized VHH libraries (FERF or VGLW) that were selected for 
production and experimental profiling (shown in Table 3). Residues that are different from the most potent sequences within each CDR3 sequence 
cluster are shown in orange; susceptible chemical liability and post-translational modification motifs (DG, NG, M, unpaired C, and NXS/T) are 
indicated as red boxes.

ID
CDR3 

Cluster ID

WT.cluster1.1 1 G G P T R T Y A F E R F I S G D G A T T A A I R T P A D S Q - - V I V T L HW Y R Y

FERF.cluster1.2 1 G F T L S NY A F E R F I S R S GG S T A A G R T P A E S Q - - I I V T L DWY RY

WT.cluster1.3 1 GG P T NV Y A F E R F I S G DG A T T A A I R T P A E S Q - - V I V T L DWY RY

FERF.cluster1.4 1 G R T F S I Y A F E R F I S R S GG S T A A I R T P A E S Q - - V I V T L DWY RY

FERF.cluster1.5 1 G F T F S S Y A F E R F I S S S GG S T A A I R T P A E S Q - - V I V T L DWY RY

WT.cluster1.6 1 GG P T R T Y A F E R F I S G DG A T T A A I R T P A E S Q - - V I V T L DWY RY

FERF.cluster1.7 1 G R T F S S Y A F E R F I S S S GG S T A A I R T P A E S Q - - V I V T L DWY RY

WT.cluster1.8 1 G D N F S S Y I F E R F I S G S S E N T A A D K T R S Q S I - - V I V T S EWY DY

VGLW.cluster1.9 1 G R T F S S Y A V G L W I S R S GG S T A A I R T P A E S Q - - V I V T L DWY RY

FERF.cluster2.10 2 G R T F S S Y V F E R F I S W G G D N T A A A L A P S G T T - - V V V S P L G Y D N

FERF.cluster2.11 2 G F T F G S Y A F E R F I S S S GG S T A A A A L V S G T T - - V I V S P V RY DY

FERF.cluster2.12 2 G R T L G S Y A F E R F I S S S GG N T A A T H HQ P S T I - - V V V M P I G Y G Y

WT.cluster2.13 2 T N I F S I N T Y E R F I SW S G D S T A A S S A G G N T I - - V I V S P RG Y G Y

VGLW.cluster2.14 2 G R T L S S Y V V G L W I SW S GG S T A A A L A P S G T L - - V V V S P L G Y T Y

FERF.cluster2.15 2 G F T F G NY A F E R F I SW S GG R T A A S S A G G N T I - - V I V S P RG Y G Y

FERF.cluster3.16 3 G G T L G S Y A F E R F I S S S G D N T A A A G GM G S S I - - V V V S T I P Y K Y

FERF.cluster3.17 3 G R T L S DY V F E R F I S S S G S S T G A A E T Y G E S A - - V Y I S P H RY A Y

FERF.cluster3.18 3 G R T F G S Y A F E R F I S S S G D S T A A A GG I G S S T - - V V V S P I P Y A Y

FERF.cluster3.19 3 GG T F S NY A F E R F I S S GGG S T A A A GGMG S T T - - V V V S T I P Y K Y

VGLW.cluster3.20 3 G F T L G DY A V G L W I S S S G D N T G A A E T A G E S A - - V Y I S P H RY A Y

FERF.cluster4.21 4 G F T F S S Y A F E R F I S S S G G S T A A V Q Q P P S V A - - - V V S Y R G Y N Y

FERF.cluster4.22 4 G F T F G S Y A F E R F I SW S GG S T A A V QQ P P S V A - - - V V A Y RG Y NY

VGLW.cluster4.23 4 G F T L S NY A V G L W I SWGG S N T A A DQQ P P S V A - - - V V A A RG Y RY

VGLW.cluster4.24 4 GG T F G I Y A V G L W I SWGG S S T A A V QQ P P S V A - - - V V S Y RG Y NY

WT.cluster5.25 5 G R T F S S Y A F E R F I S R S D D N T A A V K V P V S S T - - I Y T D Q R I Y T N

FERF.cluster5.26 5 G F T F S S Y A F E R F I SW S GG N T A A V K V P V S S T - - I Y T DQ R I Y T N

FERF.cluster5.27 5 G F T L G NY V F E R F I S G S G D S T A A V K V P V S S T - - I Y T DQ R I Y T N

FERF.cluster6.28 6 G R T L S S Y A F E R F I S S S G G R T A T S L T Y D Q T T - - V Y V S P L P Y D D

FERF.cluster6.29 6 G R T F S DY A F E R F I S S S GG S T A T S L T Y DQ T T - - V Y V S P L P Y N D

WT.cluster6.30 6 G R T T S S Y S F E R F I SW T G T T I A T S L T Y DQ T T - - V Y V S P L A Y G D

WT.cluster7.31 7 R S T F G N Y A F E R F I S R S G G N T A A A Q G G S T T V - - - F I T P Q V Y E Y

FERF.cluster7.32 7 G F T F G DY A F E R F I S S S GG S T A A A QGG S T T V - - - F I T P Q V Y E Y

WT.cluster8.33 8 G R T F S S Y A F E R F I S W S G E S T A S N P A T S T V L - - - I V R D L G Y A Y

FERF.cluster8.34 8 GG T L G S Y A F E R F I S G GGG S T A S N P A T S T V L - - - I V R D L G Y A Y

WT.cluster9.35 9 G F T F S S Y A V G PW I N S NG D R T A QGG Y - - - - - - - - - - - - - S D S P

WT.cluster10.36 10 G R T F S RY A F E R F I SW S G D N T A A S Y T M S A Y Q - - T L I S S RA Y A Y

WT.cluster11.37 11 G F T F S S Y Y V G L W I Y S E D S A T A S K I I E NG S SW - Y P H R F H E Y DY

WT.cluster12.38 12 G R T F S S Y A F E R F I S Y S G D S T A A A S V G S T S T V - V A V S D L L Y NY

WT.cluster13.39 13 G R T F S S NA F E R F I S S DG S A T A A K R T DQ S S V - - V W T S D L A Y DY

WT.cluster14.40 14 G R T F A NY A F E R F I NW N DGG T A A R E S Y S T T T - - Y Y V N HMA Y NY

FERF.cluster15.41 15 G F T F G NY A F E R F I S S S G D S T A A V R S NY G E N - - I Y I HGMA Y NV

VGLW.cluster16.42 16 G F T F S S Y A V G L W I S S S G D N T A A S L I G P S T V - - I V T N S RG Y Y Y

WT.cluster17.43 17 G F T F S T Y P V G L W I N S GGG R T A I G G Y P - - - - - - - - - - - R S R D S

WT.cluster18.44 18 G R T F S S Y A F E R F F GW S GG T T A A R T V F S D T D S A V Y I S E HMY RY

FERF.cluster19.45 19 G R T F S NY D F E R F I SW S GG S T A A V G Y G P T C - - - - - P L T A NY DY

VGLW.cluster20.46 20 G R T F S S Y A V G L W I SW S G S S T A A A L WG D S G - - - - - C L T G K P N F

VGLW.cluster21.47 21 G F T L G DY DV G L W I SW S GG N T A A EWA A Q A S - - - - L D DA G DY DY

WT.cluster22.48 22 G F T F S S Y A V G L W I S S GG S R T A MGG I - - - - - - - - - - - - - T T A P

WT.cluster23.49 23 G S I F S F NV Y P R L I T S G - Y S T N F R H I F - - - - - - - - - - - RQ D E Y

CDR1 HM CDR2 CDR3
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CDR3 sequences. Strikingly, more than 50% of all sequences 
from the three different libraries had an identical CDR3 
sequence. Among all CDR3 sequence clusters, cluster 1 
(Table 1 and Figure 3b) was significantly most populated 
within the sequences obtained from Sanger sequencing. This 
is in agreement with the frequency distributions observed from 
NGS analysis for the screening pools obtained after the second 
sorting round: CDR3 sequence cluster 1 was observed in 27.8% 
(Sanger) or 31.5% (NGS) of all sequences from the WT library, 
in 49.0% (Sanger) or 74.2% (NGS) in the FERF library and in 
78.0% (Sanger) or 88.0% (NGS) in the VGLW library. All other 
CDR3 sequence clusters were observed with a significantly 
lower relative frequency.

From the set of sequences obtained by both approaches 
(Sanger sequencing and NGS), we selected 49 clones for in- 
depth characterization. Selection of these clones was motivated 
by the following questions: 1) do sequences from the designed 
libraries show significant differences in binding affinity or (in 
silico) developability properties compared to CDR3 analogues 
from the WT library, and 2) how far do sequence differences in 
CDR1/CDR2 within the same CDR3 clusters contribute to 
differences in binding affinity or developability properties? 
Furthermore, we selected sequences from several CDR3 clus
ters that contained only members of the WT, FERF or VGLW 
library. Nominated sequences are shown in Table 1.

De novo humanized sdAbs display a favorable in silico 
developability profile

In silico developability profiles were computed using our 
SUMO (Sequence Assessment Using Multiple Optimization 
Parameters) pipeline.32 This procedure computes 3D models 
based on the provided VHH sequences, reports their human- 
likeness by sequence identity to the most similar human germ
line sequence, determines structure-based surface-exposed 
chemical liability motifs (unpaired cysteines, methionines, 
asparagine deamidation motifs, and aspartate deamidation 
sites) and sites susceptible to post-translational modification 
(N-linked glycosylation). In addition, the isoelectric point (pI), 
Schrodingers AggScore as estimate for hydrophobicity and 
aggregation tendency (for the entire Fv and for the CDRs 
only), and the calculated positive patch energy of the CDRs 
are reported. These scores are complemented with a green to 
yellow to red color coding to indicate deviations from the 
mean scores over a benchmarking dataset of marketed anti
bodies. The SUMO overview for the 49 sequences that were 
selected for production and experimental profiling is shown in 
Table 2. Due to the design strategy, the human-likeness was 
significantly higher for the sequences obtained from the huma
nized libraries with an average sequence identity to the closest 
germline sequence within the framework of 92.4% (range 
90.0%–96.3%) and 80.0% (range 68.8%–92.5%) only for the 
WT sequences.

With regard to the computed physicochemical properties 
(pI, AggScore, charge patches), the VHHs showed a certain 
degree of diversity. All sequences covered a broad range of 
computed hydrophobicity/aggregation scores and positively 
charged patches, without showing substantial deviations 
from standard antibody drugs. We intentionally selected 

sequences with large diversity in predicted pI, since the pI 
can strongly influence several developability and manufactur
ability properties, such as solubility and aggregation during 
purification or virus inactivation, colloidal stability or viscosity 
in formulation, nonspecific binding, or clearance. 
Consequently, we considered it beneficial to have different pI 
variants of a lead sequence available that could represent 
potential backups in a project.

Due to the design strategy, none of the sequences derived 
from the humanized library carried any N-glycosylation or 
highly susceptible deamidation (NG) or isomerization (DG) 
sites in CDR1 or CDR2. Other potential deamidation or iso
merization motifs (e.g., NS, NN, NT; DS, DD, DT) might still 
result in chemical instability, depending on their solvent acces
sibility, conformational flexibility, or environmental effects 
such as the formulation.38 However, since degradation of 
these motifs occurs significantly less frequent based on internal 
and literature data,38 we did not exclude them from the design, 
but usually assess their relevance case-by-case, either by post- 
filtering based on more rigorous in silico liability assessments 
or by experimental profiling. In very few cases, we observed 
enrichment of sequences harboring an unpaired cysteine resi
due within CDR3, apparently due to the fact that this residue 
naturally forms a disulfide bond with another cysteine situated 
in FR2 of the WT repertoire. This cysteine counterpart was not 
designed to be present in the humanized library. In realistic 
project applications, such sequences with unpaired cysteine 
residues would be disregarded for follow-up studies. 
Notwithstanding, since such non-canonical disulfide bonds 
were observed in more than 15% of NGS data of llama WT 
sequences (a cysteine in CDR3 as well as a cysteine located in 
the last position of FR2) (see Supplementary Table S4), an 
alternative option might be the design of an additional huma
nized VHH library with a cysteine residue in this last position 
of FR2.

De novo humanized sdAbs display high-affinity antigen 
binding and favorable early developability properties

For antibody production, nominated sdAbs were reformatted 
as one-armed, monovalent sdAb-Fc fusions (Supplementary 
Figure S2A). To this end, we utilized the strand-exchanged 
engineered domain (SEED) technology for Fc 
heterodimerization.46 This technique is based on beta strand 
exchanges between the CH3 domains of IgG and IgA, prefer
entially resulting in the formation of heavy-chain heterodi
mers. VHH domains were grafted onto the hinge region of 
the AG chain of the SEED molecule, while the GA chain was 
expressed in a paratope-less fashion. In addition, we imple
mented the RF mutation into the GA chain of the SEEDbody 
to prevent binding of GA:GA homodimers to protein A,47 

since this misassembled side product would affect downstream 
analysis. Production was performed in ExpiCHO™ cells at a 
scale of 5 ml. Of note, clones we have not been able to express 
were derived from all three different libraries (two WT: WT. 
cluster6.30, WT.cluster23.49; four FERF: FERF.cluster3.19, 
FERF.cluster7.32, FERF.cluster8.34, FERF.cluster19.45; and 
two VGLW: VGLW.cluster3.20, VGLW.cluster4.24 members).
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To assess early developability properties, we exploited ana
lytical size-exclusion chromatography (SEC) after protein A 
purification as a first filter. In general, purities above 85% 
target peak are considered as adequate attributes for transient 
antibody expression, while purities of more than 90% indicate 

favorable properties. Intriguingly, besides one VHH 
SEEDbody obtained from the VGLW library sort (VGLW. 
cluster20.46) harboring an unpaired cysteine residue in 
CDR3, purities for all other constructs were above 90% target 
monomer peak (Table 3). Importantly, aggregation properties 

Table 2. In silico developability assessment of VHHs obtained from different library approaches. sdAbs were analyzed for their sequence identity compared to the most 
similar human germline (MOST SIMILAR GERMLINE) either based on the entire variable chain region (SEQ-ID) or the framework region only (SEQ-ID FR), as well as for 
their total number of specific chemical liabilities and PTMs, i.e., non-canonical cysteines, methionine oxidations, asparagine deamidations or aspartate isomerizations, 
and N-glycosylations, in structurally exposed CDR residues as derived from automatically generated models. As calculated physicochemical developability descriptors 
(IN SILICO PHYSCHEM), structure-based pI values (pIfv 3D), the AggScores of the entire variable regions, and the AggScores of CDR regions only (CDR AggScore), as well 
as the positive patch energy of the CDRs (CDR positive patch energy), are shown. The complementing color coding indicates scores within one standard deviation from 
a benchmark mean (dataset of 77 biotherapeutics approved for human application) as green, scores above one standard deviation as yellow, and scores above two 
standard deviations as red. For the AggScores, this classification was slightly adjusted based on correlation analyses to internal experimental HIC data.
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for sdAb-based entities obtained from the independent 
libraries were not appreciably different. As an additional 
layer of biophysical attributes in order to monitor early devel
opability, we also scrutinized all VHH SEEDbodies using ana
lytical hydrophobic interaction chromatography (HIC). For 
this, we utilized two therapeutic antibodies as reference, cetux
imab and avelumab, with HIC retention times of 5.7 min and 
7.2 min, respectively. In general, HIC retention times of the 
vast majority of sdAb-based antibodies were favorable. In this 
respect, most molecules displayed even shorter retention times 
than cetuximab, clearly highlighting a beneficial, i.e., low 
hydrophobicity. While retention times were quite similar 
between sdAbs derived from the humanized FERF library 
design and WT VHHs (HIC retention times for all constructs 
≤5.7 min), we noticed a trend toward slightly higher hydro
phobic properties for sdAbs obtained from the humanized 
VGLW designs (with 5/6 humanized VHHs displaying reten
tion times >6 min).

We also looked at the thermal stability of sdAbs obtained 
from both humanization approaches in comparison to the 
stability of WT VHHs. As read out we determined the 
Tonset that is defined as the lowest temperature at which a 
given protein starts to unfold. Overall, Tonsets varied between 
51.6°C (WT.cluster17.43) and 59.5°C (WT.cluster7.31). 
Basically, differences in thermal stability between WT VHHs 
(mean Tonset for all WT VHHs = 57.2°C) as well as sdAbs 
retrieved from the different designed humanization libraries 
were negligible (mean Tonset FERF set of sdAbs = 57.9°C and 
mean Tonset VGLW = 57.8°C), again highlighting quite simi
lar biophysical attributes of de novo humanized and sequence- 
optimized library-derived sdAbs to WT VHHs isolated from 
immunized llamas.

Aside from early developability assessment, we set out to 
investigate binding functionalities of engineered humanized 
sdAbs. Therefore, we determined affinities against (rh) 
NKp46 (Figure 4, Table 3) using biolayer interferometry 
(BLI). Interestingly, we observed substantial differences in 
binding behavior between sdAbs derived from the FERF 
library design and the designed VGLW library. Overall, affi
nities of de novo humanized FERF-based sdAbs were quite 
similar to the WT VHH counterparts. For instance, affinities 
for WT VHHs within cluster 1 varied from 1.5 nM to 45 nM, 
with a mean KD of 16.6 nM. Binding to (rh) NKp46 for de 
novo humanized sdAbs from the FERF design ranged from 4.1  
nM to 19.8 nM, with an average affinity of 10.9 nM. In cluster 
2, WT VHH WT.cluster2.13 displayed an affinity of 7.4 nM, 
whereas affinities for FERF-derived clones varied between 2.9  
nM and 12 nM (average KD = 6.4 nM). In cluster 5, WT.clus
ter5.25 showed affinities for binding to (rh) NKp46 of 0.5 nM 
and FERF.cluster5.26 and FERF.cluster5.27 displayed affinities 
of 3.6 nM and 9.3 nM, respectively. Essentially, similar to anti- 
NKp46 VHHs obtained from WT library sorting, we were also 
able to generate de novo humanized sdAbs from the FERF 
library design with high-affinity binding to (rh) NKp46 in 
the sub-nanomolar range. In contrast to this, out of all six 
humanized sdAbs originating from the VGLW design that 
showed protein expression, only two clones displayed binding 
to (rh) NKp46. For both clones, binding in terms of capacities 
(i.e., interference pattern shifts in BLI) and affinities was vastly 

diminished. In this respect, sdAb VGLW.cluster16.42 dis
played affinities for (rh) NKp46 in the high triple digit nano
molar range and while humanized VHH VGLW.cluster2.14 
bound to (rh) NKp46 with affinities of 7.9 nM, maximum 
binding capacities (i.e., interference pattern shift in BLI) were 
substantially reduced (Figure 4 4d).

De novo humanized sdAbs facilitate the construction of 
NK cell engagers triggering NK cell mediated lysis of 
EGFR-overexpressing tumor cells

Since it was shown previously that NKp46 can be efficiently 
harnessed for effector cell redirection,41,43 we tested whether 
de novo humanized sdAbs represent versatile building blocks 
for the construction of NK cell engagers (NKCEs). Thus, we 
focused on WT VHHs and de novo humanized sdAbs belong
ing to identical sequence clusters. Because de novo humanized 
sdAb VGLW.cluster.2.14 was the only clone derived from the 
VGLW humanization approach displaying (diminished) anti
gen binding and belonging to a sequence cluster that also 
comprised derivatives from both other approaches (WT and 
FERF design strategy), we nominated this single VGLW- 
derived sdAb in addition to WT VHHs and sdAbs from the 
FERF library design. At first, we wanted to get a deeper under
standing about early developability by implementing two addi
tional parameters, expression yields post protein A 
purification from antibody production in a volume of 25 mL 
and affinity-capture self-interaction nanoparticle spectroscopy 
(AC-SINS).48,49 This technique allows the assessment of the 
self-interaction propensities of generated sdAbs. To this end, 
selected sdAbs were again expressed as one-armed, monova
lent VHH SEEDbodies (Supplementary Figure S2A) using 
ExpiCHO™ cells as production host. Except for the nominated 
sdAb derived from the VGLW approach (VGLW.cluster2.14, 
expression yield = 98.4 mg/L), production yields after protein 
A chromatography for de novo humanized sdAbs were in the 
triple digit mg per L scale, generally indicating adequate 
expression profiles for transient antibody production (Table 
4). In general, the production of de novo humanized sdAbs was 
fairly similar to expression yields of WT VHHs. Furthermore, 
aggregation propensities determined by analytical SEC 
unveiled favorable purities of more than 95% target species 
for all 10 sdAb-harboring monovalent SEEDbodies (Table 4). 
In addition to production characteristics, the antibody colloi
dal stability and the tendency to self-association and aggrega
tion have been reported as key factors for selection of mAbs 
with favorable developability properties, which has been suc
cessfully correlated with the AC-SINS measure.49,50 For this, 
sdAb SEEDbodies were captured onto particles by exploiting 
immobilized capture antibodies, and self-association was 
judged in phosphate-buffered saline (PBS) buffer at pH 7.4 
by shifts in the plasmon wavelengths. Trastuzumab was used as 
control indicating favorable biophysical properties with mean 
plasmon wavelength shifts of approximately 0.2 nm after sub
traction of buffer blanks. Final AC-SINS scores for sdAb 
SEEDbodies were calculated via subtraction of blank and tras
tuzumab scores. The calculated scores of all molecules includ
ing de novo humanized sdAbs were in the range of −0.46 and 
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0.06, indicating favorable developability properties very simi
lar to those of trastuzumab (Table 4).

To investigate the capacities of de novo humanized sdAbs to 
elicit NK cell-mediated lysis of EGFR-overexpressing tumor 
cells via triggering NKp46 (Figure 5a), nominated sequences 
were produced as bispecific Fc effector silenced SEEDbodies 
harboring the Fab arm of a humanized version of cetuximab 
that was expressed on the GA chain (Supplementary Figure 
S2B). After expression in ExpiCHO™ cells, aggregation proper
ties were assessed by analytical SEC. Besides, WT VHH- 
derived bispecific SEEDbody WT.cluster5.25 (purity = 88.8%) 
SEC profiles of all other sdAb-based NKCEs were above 90% 
target monomer species, indicating adequate purities for all 
generated bispecifics. EGFR-strongly overexpressing tumor 
cell line A431 was exploited as target cells, whereas NK cells, 
freshly isolated from PBMCs of healthy human donors were 
used as effector cells (Figure 5b–d). As negative control we 
utilized a one-armed, monovalent Fc effector-silenced 
SEEDbody incorporating the Fab arm of a humanized version 
of cetuximab that was also used for the construction of sdAb- 
based bispecifics.

For NKCEs constructed from sdAbs belonging to the first 
sequence cluster, we have not been able to determine signifi
cant effector cell redirection resulting in tumor cell lysis appre
ciably higher than the negative control at concentrations of up 
to 10 nM. At higher, unphysiological concentrations, marginal 
killing was observed. This is in line with previous observations 
that not every paratope specific to a natural cytotoxicity recep
tor is capable of triggering NK cell activation upon reformat
ting into a NK cell engager architecture.9,51 In this respect, 
capacities in terms of NK cell redirection were comparable 
between NKCEs constructed from de novo humanized sdAbs 
of the FERF design and the bsAb harboring a WT representa
tive of this particular sequence cluster. The group of NKCEs 
harboring sdAbs belonging to sequence cluster 2 comprised 
members of all three different approaches, a WT representative 
(WT.cluster2.13), one of the few clones derived from the 
VGLW library strategy that showed binding to (rh) NKp46 
(VGLW.cluster2.14) as well as three candidates obtained from 
the FERF de novo humanization design (FERF.cluster2.10, 
FERF.cluster2.15, and FERF.cluster2.11). In accordance with 
diminished binding capacities to (rh) NKp46 in BLI, the 

Table 3. Analytical and early developability data of one-armed constructs organized by cluster and affinity, including SEC purity, HIC retention time, 
mean Tonset, and dissociation constant measured via BLI.

ID SEC Purity [%] HIC tR [min] Mean Tonset [°C] KD [nM]

WT.cluster1.1 96.3 5.8 58.8 1.5
FERF.cluster1.2 100 4.9 57.6 4.1
WT.cluster1.3 98.8 5.5 58.1 6.9
FERF.cluster1.4 98.8 5.5 58.4 7.7
FERF.cluster1.5 100 5.4 58.1 12.0
WT.cluster1.6 92.2 5.6 57.8 12.9
FERF.cluster1.7 99.0 5.3 57.2 19.8
WT.cluster1.8 97.9 5.0 57.9 45.0
VGLW.cluster1.9 96.7 6.6 57.4 non binding
FERF.cluster2.10 100 4.9 57.5 2.9
FERF.cluster2.11 94.5 4.8 57.7 4.4
FERF.cluster2.12 96.6 5.6 58.7 6.4
WT.cluster2.13 97.8 5.3 58.2 7.4
VGLW.cluster2.14 98.9 7.3 57.5 7.9
FERF.cluster2.15 99.2 4.8 58.0 12.0
FERF.cluster3.16 100 4.9 58.0 0.7
FERF.cluster3.17 100 4.8 58.1 2.2
FERF.cluster3.18 98.8 5.2 58.2 2.8
FERF.cluster4.21 98.4 4.9 57.5 5.0
FERF.cluster4.22 100 5.3 57.9 6.1
VGLW.cluster4.23 97.0 6.1 57.8 non binding
WT.cluster5.25 100 4.6 57.6 0.5
FERF.cluster5.26 96.2 4.9 57.4 3.6
FERF.cluster5.27 98.4 4.5 57.1 9.3
FERF.cluster6.28 96.9 5.3 58.6 3.4
FERF.cluster6.29 99.0 5.5 57.5 5.0
WT.cluster7.31 9.7 4.6 59.5 20.4
WT.cluster8.33 100 5.3 58.5 0.5
WT.cluster9.35 95.7 5.0 52.5 0.1
WT.cluster10.36 99.4 5.1 58.0 0.7
WT.cluster11.37 95.6 5.4 58.5 1.7
WT.cluster12.38 97.1 5.1 56.6 1.9
WT.cluster13.39 99.1 5.0 57.5 2.4
WT.cluster14.40 99.3 5.1 58.0 3.1
FERF.cluster15.41 95.6 5.2 58.4 2.2
VGLW.cluster16.42 96.8 7.2 58.8 722.8
WT.cluster17.43 97.8 5.3 51.6 non binding
WT.cluster18.44 100 5.5 57.9 3.8
VGLW.cluster20.46 84.2 5.5 57.6 non binding
VGLW.cluster21.47 92.9 6.6 53.0 non binding
WT.cluster22.48 100 5.1 56.3 non binding
WT.cluster27.50 100 4.6 56.0 non binding
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NKCE incorporating VGLW clone VGLW.cluster2.14 pro
voked negligible NK cell-mediated killing of A431 cells. Only 
at very high concentrations (500 nM) moderate killing was 
observed. This is in contrast to NKCEs harboring either a 
WT VHH or sdAbs isolated from the FERF design strategy. 
NKCE based on WT representative WT.cluster2.13 triggered 
significant target-dependent NK cell-mediated lysis of A431 
cells with potencies in the single digit nanomolar range (EC50 
killing = 4.07 nM, Table 4).

Surprisingly, all NKCEs incorporating representatives from 
the FERF approach elicited lysis of EGFR-overexpressing A431 
cells with significantly enhanced potencies (EC50 killing ran
ging from 0.05 nM to 0.06 nM). This effect was not strictly 
dependent on binding affinities to (rh) NKp46, since within 

this particular sequence cluster clone FERF.cluster2.15 dis
played affinities of 12 nM, whereas all other clones including 
the WT VHH WT.cluster2.13 showed high-affinity binding to 
(rh) NKp46 in the single digit nanomolar range. However, it is 
important to note that all FERF-derived clones within this 
cluster were neither CDR3 nor CDR1–2 sequence identical 
with WT.cluster2.13, and it is appreciated that subtle changes 
in the sequence might have substantial consequences in terms 
of effector cell redirection52,53. Furthermore, besides residues 
within the different CDRs, framework residues might also 
contribute to antigen binding, and consequently to redirection 
capacities.54

Interestingly, for NKCEs based on clones from sequence 
cluster 5, we observed the opposite phenomenon. Here, WT. 

Figure 4. Binding capacities of humanized sdAbs and WT VHHs reformatted as one-armed SEEDbodies as determined by BLI. (a) Binding kinetics of reformatted sdAbs 
belonging to different CDR3 sequence clusters. sdAbs originating from humanized FERF library design are represented as dots, clones derived from humanized VGLW 
approach are shown as triangles, and the VHHs obtained from WT library are given as squares. (b)–(d) Affinity determination by BLI is exemplarily shown for individual 
clones derived from the different library approaches (WT, FERF, and VGLW). sdAb-derived SEEDbodies were loaded onto sensor tips. After sensor rinsing, antigen 
binding was conducted at different concentrations for 300 s, followed by a dissociation step in KB buffer for 300 s.

Table 4. Production yields and analytical purity of nominated sequences and their ability to function as NKCE with humanized cetuximab (ctx) on the GA chain, as 
indicated by the EC50 for killing of target cells. Evaluation of AC-SINC is included for the one-armed constructs.

one armed (hu)VHH-SEEDbodies VHH x Ctx SEEDbodies

ID Yield o.a. [mg/L] SEC Purity [%] AC-SINS SEC Purity [%] EC50 [nM]

FERF.cluster1.4 193.2 100 0.1 93.0 no killing
FERF.cluster1.7 147.9 100 −0.2 95.7 no killing
WT.cluster1.3 122.3 100 −0.4 96.1 no killing
FERF.cluster2.15 183.2 100 0.0 97.6 0.05
WT.cluster2.13 146.8 100 −0.5 97.9 4.07
VGLW.cluster2.14 98.4 100 −0.3 97.1 no killing
FERF.cluster2.10 131.3 100 −0.5 9.6 0.06
FERF.cluster2.11 133.4 100 −0.4 94.6 0.05
WT.cluster5.25 193.0 100 −0.4 88.8 0.03
FERF.cluster5.26 221.1 97.6 −0.5 9.8 4.65
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cluster5.25 was significantly more potent compared with FERF. 
cluster5.26 (WT.cluster5.25 EC50 killing = 0.03 nM vs. FERF. 
cluster5.26 EC50 killing = 4.65 nM; Table 4). Despite being 
CDR3 identical, WT.cluster5.25 displayed an approximately 
sevenfold higher affinity for binding to (rh) NKp46 than 
FERF.cluster5.26, which might be attributed to differences in 
CDR1 and CDR2 (Table 1, Table 3). Overall, the data gives 
clear evidence that the herein presented de novo humanization 
approach enables the generation of humanized and sequence 
optimized sdAbs that are versatile for effector cell redirection. 
Of note, minor sequence variations introduced during this 
novel humanization approach might have major implications 
in terms of functionalities in one way or another.

Epitope binning of NKp46-specific sdAb-based NKCEs

To further characterize the humanized sdAbs and most impor
tantly to investigate whether epitope drifts of humanized 
sdAbs explain differences in killing capacities, competition 
for binding to NKp46 was performed for selected pairs of 
SEEDbodies (Supplementary Figure S3). These included all 
sequences that had been evaluated for tumor cell lysis and an 
additional set of WT and humanized sequences from different 

CDR3 clusters and several singletons. BLI experiments were 
conducted, where the first antibody sample was immobilized 
on the sensor tip followed by quenching of the sensor tip with 
unrelated IgG. Subsequently, an association of (rh) NKp46 was 
conducted, followed by a second association step exploiting a 
second NKp46 SEEDbody. The results revealed that from the 
set of 29 tested sequences, 28 bind to the same epitope. Only 
one singleton (WT.cluster 9.35) binds to a distinct epitope. 
This observation is in agreement with results from our pre
vious study,43 where the major fraction of VHHs that had been 
obtained from immunization of three camelids were bound to 
one single epitope. Hence, it is tempting to speculate that there 
is an immune-dominant epitope on the surface of human 
NKp46.

Discussion

In this work, we generated a novel one-step de novo high- 
throughput approach for the generation of humanized and 
sequence-optimized sdAbs from immunized llamas. 
Camelid-derived sdAbs exhibit many desirable properties in 
terms of biomedical applications, such as a small size that 
might be beneficial for tissue penetration,10 adequate stability, 

Figure 5. NK cell engagers (NKCEs) harboring de novo humanized sdAbs from the FERF design trigger significant NK cell mediated killing of EGFR overexpressing tumor 
cells. (a) Schematic depiction of NK cell redirection by exploiting an Fc-silenced SEEDbody harboring a de novo humanized sdAb targeting NKp46 on the NK cell and a 
Fab arm derived from cetuximab (ctx) for binding to EGFR on A431 cells. (b)–(d) Fluorescence-based NK cell killing assay of A431 target cells using freshly isolated NK 
cells from PBMCs of human healthy donors at an E:T ratio of 5:1. Respective Fc-silenced SEEDbodies were tested at increasing concentrations. Tumor cell lysis was 
normalized to Cetuximab at 50 nM. Killing capacities shown for NKCEs harboring different sdAbs derived from the FERF (blue) and VGLW (green) de novo library designs 
and obtained from the WT library (gray). An EGFR-targeting one-armed SEEDbody with an effector-negative Fc region was exploited as negative control. Mean values ±  
SEM of eight independent experiments with duplicates are shown.
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and simple architecture that enables facile reformatting into a 
plethora of different bi- and multispecific antibody formats.13– 

16,55 Notwithstanding, the non-human origin of camelid 
VHHs might pose a risk of immunogenicity when injected 
into patients. Hence, VHHs are typically humanized for ther
apeutic purposes. Although, no strict correlation between the 
degree of human-likeness of conventional IgG-like antibodies 
and the incidence of ADA has been reported, a trend toward 
less immunogenicity when molecules have higher human-like
ness has been noted.56 Moreover, the percentage of human- 
likeness of marketed therapeutic antibodies significantly 
increased in the past, which correlated quite well with the 
observation that in recent years, antibody therapeutics with 
lower incidences of ADAs were approved. Investigations of 
humanized camelid-derived sdAbs have revealed minimal 
immunogenicity in general, similar to fully human IgGs.24

As discussed above, humanization and sequence optimiza
tion of VHHs can be tedious and cumbersome, requiring the 
design, production, and thorough characterization of multiple 
variants24–26. This procedure often requires multiple optimiza
tion cycles, and, under certain circumstances, it might not be 
possible to sufficiently humanize the sequence due to incom
patibilities of human germline residues with regions that are 
structurally important for the bioactive VHH conformation. 
Our approach, composed of two main steps, library construc
tion following camelid immunization and yeast surface dis
play-based (humanized and sequence optimized) sdAb 
discovery, is characterized by its low complexity and speed 
similar to the generation of WT VHHs following 
immunization.6,45,57

The procedure itself, grafting a PCR-amplified and immu
nized CDR3 repertoire onto a moderately diversified, huma
nized, and sequence optimized scaffold library, was fairly 
similar to a method previously described by our group for 
the isolation of ultralong CDR-H3 antibodies from immu
nized cattle.58 In that study, after the immunization of cattle, 
we specifically amplified ultralong CDR-H3 regions and 
grafted those paratopes onto a fixed Fab scaffold that was 
exploited for yeast surface display. Of note, in the herein 
presented approach, we introduced a slightly diversified 
CDR1 and CDR2 repertoire into the scaffold library that 
was inspired by the natural amino acid composition found 
in NGS datasets of naïve and of immunized llamas as well as 
in NGS datasets of human antibody VH repertoires. Due to 
limitations in library sizes for yeast surface display (i.e., 108 − 
109 unique clones30 and subsequent FACS-based hit discov
ery, we restricted the diversities within the humanized and 
sequence-optimized scaffold libraries (in regions CDR1 and 
CDR2) to approximately 104 different sequence variations. 
This does not represent the entire diversity that can theore
tically be generated by the immune system of a camelid. 
Consequently, several camelid-derived CDR3 sequences that 
show high binding affinity in a WT VHH environment may 
not be structurally compatible with the herein generated 
humanized sdAb scaffolds. Since such WT VHHs could 
pose considerable difficulties for classical humanization and 
multi-parameter optimization, it might be considered a ben
efit that in our library approach combined with FACS-based 
sdAb discovery, only CDR3 regions that are compatible with 

the internally humanized and sequence-optimized sdAb scaf
fold library are identified. This increases the likelihood of 
obtaining potent and readily humanized sdAbs directly 
from a screen that might need further in silico assessment 
or sequence optimization only of the CDR3 region.

The generated humanized and sequence optimized FERF 
library resulted in the facile discovery of various sdAbs dis
playing high affinity binding to (rh) NKp46 and efficient NK 
cell redirection. Intrigued by the fact that within the HcAb 
repertoire of naïve llamas we found 7.2% of sequences com
prising the 37 V, 44 G, 45 L and 47W (VGLW) hallmark motif, 
we also designed a corresponding humanized and sequence- 
optimized sdAb library. Importantly, sdAbs obtained from this 
strategy displayed either no or only significantly compromised 
binding to (rh) NKp46. Furthermore, redirection capacities of 
NK cells were also negligible. This is in line with NGS datasets 
and YSD-based WT library sampling, which both suppose that 
from the (rh) NKp46-immunized llama primarily VHHs were 
enriched comprising the FERF hallmark motif (37F, 44E, 45 R, 
and 47F). These findings support the notion that antigen- 
specific CDR3 sequences obtained from a FERF hallmark 
environment might not necessarily be sufficiently compatible 
within a VGLW background and vice versa.

In this study, we generated two separate libraries to account 
for only two specific hallmark signatures (FERF and VGLW). 
As evident from Supplementary Table S2, these signatures 
cover only 35.5% of hallmark motifs observed in the llama 
wild type VHH repertoire. Since the hallmark residues are 
known to be important for the bioactive conformation of 
CDR3 and often mediate interactions with antigens,54 this 
might explain why we observed a stronger bias for a given 
sequence cluster after sorting in the humanized and sequence 
optimized libraries. Furthermore, we noticed that 15.9% of 
VHH sequences in the NGS dataset of the llama wild type 
VHH repertoire carry a non-canonical disulfide bond between 
cysteines in CDR3 and the last position of framework region 2. 
Consequently, by taking into consideration the different hall
mark motifs and non-canonical disulfide bonds, follow-up 
libraries might be constructed that enable the de novo genera
tion of humanized and sequence optimized sdAbs displaying 
an even broader diversity output.

Another angle of optimization might rely on a more ade
quate exploitation of NGS for sdAb discovery. Within the 
present investigations, NGS was primarily used to gather 
information about diversities, amino acid distributions of 
CDRs and hallmark motifs and to scrutinize CDR cluster 
frequencies after YSD-based sdAb discovery. Several studies 
have demonstrated that NGS analysis of sequence pools before 
and after library selection can offer new ways of finding rare 
but highly enriched potent binders.59–62 Moreover, such 
sequence pools can be used as input for artificial intelligence 
and machine learning approaches to design new sequences 
with even further improved potency or developability 
properties.63–68

In addition, for CDR1 and CDR2 diversification, we only 
considered amino acid compositions at specific positions as 
inclusion criterion that was further refined by removal of 
specific sequence liability motifs. This procedure, however, 
ignores how residue types interact to form stabilizing 
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interactions, potentially resulting in library members that fold 
and express poorly. This issue might be overcome using oli
gonucleotide array-based synthesis of sequences with CDR1- 
CDR2 combinations that are observed in NGS data of wild 
type or immunized subjects, as recently applied in a library 
approach described by Teixeira et al.28 As a further advantage, 
this procedure significantly reduces the combinatorial diver
sity of artificial CDR1-CDR2 combinations and thereby leaves 
design space for other CDR1-CDR2 combinations that are 
observed in vivo in camelids and humans or to regions of the 
VHH framework region that are known from structural ana
lysis to mediate interactions with antigens54. The design of a 
follow-up humanized scaffold library using specific sequences 
instead of a combinatorial approach would allow for consid
eration of a higher diversity of hallmark signatures as sug
gested above. Within the present libraries, we focused on two 
classical hallmark signatures (FERF and VGLW). Whereas the 
FERF motif is most predominant in llama WT sequences 
(28.2%; see Supplementary Table S2), the VGLW motif that 
is also present in both different sdAb-based paratopes of 
ozoralizumab20 is observed at frequencies of only 7.2%. A 
follow-up humanized library might include further specific 
hallmark motifs mirroring their prevalence in camelid NGS 
data.

An aspect that might need further investigation is the ques
tion of how far the observed preservation of CDR3 diversity 
between WT and humanized library also translates to the 
preservation of epitope diversity. In this and our previous 
study on NKp46,43 the epitope diversity observed from WT 
sequences is rather low, possibly due to the existence of an 
immune-dominant epitope on the surface of human NKp46.

In conclusion, we presented a novel approach that com
bines the generation of antigen-specific CDR3s from camelid 
immunization with a synthetic VHH scaffold library that has 
been optimized toward human-likeness and developability. 
This approach yields high-affinity binders with good develop
ability properties from initial selections, substantially reducing 
or even eliminating the need for further sequence optimiza
tion. It is generally applicable for any antigen upon camelid 
immunization and has the potential to significantly accelerate 
candidate selection and reduce risks and attrition rates in sdAb 
development.

Materials and methods

Generation of the synthetic VHH scaffold libraries

For the design of the randomized scaffold libraries, NGS data 
sets of naïve human and llama V sequences and data sets from 
immunized camelids were used. In more detail, only amino 
acids with ≥4% frequency at each specific position were con
sidered. Residues that would result in susceptible chemical 
liability motifs, N-glycosylation motifs, or strong predicted 
MHC-II binding peptide motifs, were excluded. Diversity 
with respect to the amino acids charge, size, and hydrophobi
city and the occurrence in the equivalent positions in human 
antibody repertoires were taken into account. This resulted in 
a theoretical backbone library space of 1.04 × 104 variants (in 
CDR1 and CDR2). These randomized CDR sequences were 

embedded in a synthetically synthesized human IGHV3–23 ×  
1 germline framework sequence. Moreover, two different FR2 
designs were generated, harboring either a VHH dedicated AA 
motif (37F, 44E, 45 R, and 47F, referred to as FERF library) or 
the classical VH signature (V37, G44, L45, and W47, termed 
VGLW library). Both in silico designed scaffold libraries were 
generated at Geneart (Thermo Fisher Scientific) using TRIM 
technology. To enable subsequent camelid CDR3 engraftment 
in the randomized scaffold libraries, sequences were designed 
to harbor a stuffer sequence at CDR3 position containing 
multiple stop codons in every reading frame and BsaI recogni
tion sites, allowing for stuffer digestion and replacement by 
camelid CDR3. The gene strings were also designed to already 
contain N- and C-terminal nucleotide additions enabling a 
seamless incorporation of the framework libraries into the 
pYD-derived display plasmid backbone (pDest) via yeast- 
mediated homologous recombination cloning as described 
elsewhere.45

Llama immunization

All procedures involving animals were conducted at preclinics 
GmbH, Germany. Procedures and animal care were in accor
dance with local regulations and animal welfare protection 
laws. Of note, animals remained alive after immunization 
process and final blood collection. For the immunization, 
one llama (Lama glama) was vaccinated with recombinant 
human (rh) NKp46 extracellular domain (ECD; Acro). Four 
antigen administrations of 300 μg rh NKp46 ECD, each con
ducted as subcutaneous injections at three sites, were per
formed over a period of 42 days in total (at d0, d14, d28, and 
d35). For this, the antigen was diluted to a stock concentration 
of 1 mg/mL in PBS and emulsified for initial immunization 
with Complete Freund’s Adjuvant, or with Incomplete 
Freund’s Adjuvant for subsequent immunizations. Seven 
days after final administration (d42), a volume of 100 mL 
blood was collected followed by RNA extraction.

Yeast display library generation

cDNA was generated by reverse transcription using the RNA 
material derived from immunized camelid as template. 
SuperScript III First-Strand Synthesis Kit (Invitrogen) was 
used according to the manufacturer’s instructions. A total of 
10 reactions were performed with 8 µl of template RNA in each 
reaction. Next, PCR was exploited to specifically amplify com
plete VHH DNA (for WT library) or CDR3 regions only (for 
FERF and VGLW libraries) using 2×Q5-Polymerase 
Mastermix (New England Biolabs) and 0.5 µM of the respec
tive primers per reaction. The primers were designed to insert 
homologous nucleotides matching the sequence in pDest 
(Supplementary Table S3), hence allowing for subsequent 
gap repair cloning in yeast. The PCR was conducted under 
the following conditions: initial denaturation at 98°C for 30 s, 
followed by 35 cycles of denaturation (98°C, 10 s) and com
bined annealing and elongation (72°C, 60 s) steps, finalized by 
an extension step at 72°C for 5 min. A total of 96 × 50 µl 
reactions were conducted in parallel per library to yield ade
quate amount of PCR amplicons. The resulting PCR product 
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was purified using the Wizard SV Gel and PCR Clean-Up 
System (Promega) according to the manufacturer’s instruc
tions. In parallel, pDest containing the VHH scaffold libraries 
(for FERF and VGLW libraries) and pDest without inserted 
scaffold (for WT library) were linearized with specific restric
tion enzyme BsaI (New England Biolabs). A total of 200 U BsaI 
was used to digest 150 µg pDest in CutSmart buffer (New 
England Biolabs) in a total volume of 300 µl. The reaction 
was carried out at room temperature overnight prior to pur
ification via the Wizard SV Gel and PCR Clean-Up System 
(Promega). For the final assembly of the display vector, gap 
repair cloning in EBY100 Saccharomyces cerevisiae cells, 
adapted from Bernatuil and coworkers;44 was exploited and 
explained in detail elsewhere.45 In brief, digestion of the stuffer 
sequence enables the genetic fusion of library candidates in 
frame to Aga2p, resulting in the presentation of (humanized) 
sdAb variants on the yeast cell surface. An additional insertion 
of a HA tag C-terminally linked to Aga2p on the plasmid 
backbone allows for the detection of proper full-length sdAb 
presentation on the yeast surface.

Library sorting

For FACS purposes, the transformed cells were cultivated in an 
SD medium with dropout mix lacking tryptophan (−Trp) at 30°C 
and 120 rpm overnight. sdAb expression was induced subse
quently by cell transfer (107 cells/ml) to SG-Trp medium and 
incubation at 20°C and 120 rpm for 48 h. Full-length sdAb surface 
expression was monitored via application of an anti-HA mouse 
antibody (Alexa Fluor 488, R&D systems, catalog number 
IC6875G, diluted 1:20), while antigen binding was detected by 
indirect immunofluorescence using 1 μM rh his-tagged NKp46 
ECD (Acro Biosystems, catalog number NC1-H52H6) and an 
anti-his mouse monoclonal detection antibody (Alexa Fluor 647, 
Qiagen, catalog number 35,370, or Allophycocyanin, BioLegend, 
catalog number J095G46, both diluted 1:20), thereby allowing for 
a two-dimensional sorting strategy. For the FACS procedure, a 
BD FACSAria™ (BD Biosciences) device was used for the initial 
sorting rounds, while subsequent cell selection was performed on 
a Sony LE-SH800 sorter. For optimal sorting gate adjustments, 
control samples, i.e., cells incubated with secondary labeling 
reagents, and an unrelated antigen, as well as cells incubated 
with only secondary labeling reagents, were used in every experi
ment. Sorting gates were designed to maximize the enrichment of 
displaying cells while minimizing unspecific binding (Figure 3a).

NGS sequencing

To prepare RNA material for NGS analysis, two defined 
antisense primer sequences were used that specifically 
aligned with nucleotides in the upper hinge regions of came
lid IgG2 and IgG3 antibody isotypes, facilitating directed 
cDNA synthesis. Within a subsequent PCR utilizing index 
primers for Illumina sequencing, the sdAb sequences were 
amplified and tagged. For the samples derived from the 
sdAbs diversities embedded in the plasmid vector system, 
the sequences are processed accordingly, but lacking the 
cDNA synthesis step. During the DNA amplification 

process, the AMPure system (Beckman Coulter) was used 
to purify the sdAb amplicons, while for the purification of 
the final sequencing library a Pippin Prep (Sage Science) was 
used. For sequencing purposes, a MiSeq (Illumina) device 
with the v3 600 cycle kit according to the manufacturer’s 
protocol was used. Resulting FASTQ files were uploaded to 
Geneious Biologics (www.geneious.com/biopharma) for ana
lysis. Reads were overlapped, filtered for length, and the 
VHH sequences were annotated using the Lama glama refer
ence library. Normalized counts for each CDR3 were used to 
identify sequences that were enriched in the sorted samples 
relative to the baseline diversity.

Protein expression and analysis

Selected sdAb variants were cloned into pTT5 mammalian 
expression vector (Thermo Fisher Scientific) as N-terminal fusion 
to the hinge region of Fc immune effector-silenced (eff-) SEED 
AG chains, consequently enabling the production of either eff- 
one-armed (oa) SEEDbodies using a paratope-less SEED-GA- 
chain or the production of bispecific SEEDbodies in combination 
with eff- humanized cetuximab Fab fused to the SEED GA chain.

All proteins were expressed in the ExpiCHO™ Expression 
System (Thermo Fisher Scientific) either in 5 or 25 ml scale 
according to the manufacturer’s manual standard protocol 
with 2:1 ratio of AG to GA chain or a 2:2:1 ratio of light 
chain to AG to GA chain. After 7 days, the protein containing 
supernatants were purified with MabSelect™ antibody purifica
tion chromatography resin (Cytiva). After sterile filtration, 
protein concentrations were determined by A280 absorption 
measurement. For the assessment of protein sample quality 
regarding monomer content [%], analytical SEC was applied 
using 7.5 µg protein per sample on a TSKgel UP-SW3000 
column (2 µm, 4.6 × 300 mm, Tosoh Bioscience) on an 
Agilent HPLC 1260 Infinity system with a flow rate of 0.35  
ml/min using 50 mM sodium phosphate, 0.4 M NaClO4 pH 
6.3 as mobile phase. Signals were recorded at 214 nm. 
Moreover, hydrophobicity of the different molecules was 
determined by HIC using 20 µg protein per sample on a 
TSKgel Butyl-NPR column (2.5 µm, 4.6 × 100 mm, Tosoh 
Bioscience) on an Agilent HPLC 1260 Infinity system with a 
flow rate of 0.5 ml/min. Samples were premixed with 50% (v/v) 
2 M ammonium sulfate solution prior to injection. A gradient 
running from mobile phase A (1.2 M ammonium sulfate in 
PBS) to mobile phase B (50% methanol in 0.1× PBS) over 15  
min at 25°C was applied. Signals were recorded at 214 nm. 
Anti-PD-L1 avelumab and anti-EGFR cetuximab (both pro
duced in house) were used as reference molecules. To assess 
thermal unfolding properties of the antibodies, differential 
scanning fluorimetry (DSF) on a Prometheus NT.PLEX 
nanoDSF instrument (NanoTemper) was utilized. Samples 
were measured in duplicates using nanoDSF Standard 
Capillary Chips. A temperature gradient from 20°C to 95°C 
at a slope of 1°C/min was used while recording fluorescence at 
350 and 330 nm. Unfolding transition midpoints (Tm) and 
Tonset values were determined from the melting curves or 
from the first derivative of the fluorescence ratio 350 nm/ 
330 nm.
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Biolayer interferometry

Biophysical properties of the evaluated binders were assessed 
using an Octet Red BLI system (Sartorius). Binding experi
ments were conducted in KB buffer (PBS pH 7.4, 0.1% BSA, 
0.02% Tween-20) using Anti-Human Fc Capture (AHC) bio
sensors. Biosensors were loaded with the one-armed antibody 
samples at a concentration of 3 µg/ml for 180 s. The samples 
were subjected to a twofold serial dilution of (rh) NKp46 (Acro 
Biosystems, catalog number NC1-H52H6), starting at a con
centration of 100 nM using a measurement window of 300 s 
for association and dissociation each.

The data were aligned to the association step, and inter-step 
correction was applied at the dissociation step, as well as noise 
reduction using Savitzky-Golay filtering. The resulting data 
were analyzed using a 1:1 binding model.

Epitope binning

The BLI technology (Octet RH16 BLI, Sartorius) was used for 
epitope binning. Samples were loaded (200 s) on Anti-Human 
IgG Capture (AHC) biosensors in PBS. Subsequently, AHC sen
sor was quenched (300 s) using an unrelated IgG (20 µg/ml) in 
PBS. The sensor tip was then immersed into a solution of 100 nM 
recombinant human NKp46 spiked with the unrelated IgG (20  
µg/ml) in KB-Buffer for the initial association phase (800 s).

Following NKp46 association, the biosensor was transferred 
into a well containing the second antibody sample and mea
sured for 800 s. This sample was spiked with 100 nM NKp46 
and unrelated IgG (20 µg/ml) to mitigate shifts arising from 
dissociation. An interference shift surpassing 0.1 nm beyond 
the level established by NKp46 association, subsequent to 
subtraction of the baseline, was considered indicative of bind
ing to a different epitope than the first antibody.

AC-SINS

Molecules were captured onto particles via immobilized cap
ture antibodies, and self-association was judged in PBS buffer 
at pH 7.4 by shifts in the plasmon wavelengths.50 Trastuzumab 
(produced in house) was used as control indicating favorable 
biophysical properties with mean Δλmax values of ~0.2 nm 
after subtraction of buffer blanks. Final AC-SINS scores for 
molecules were calculated via subtraction of blank and trastu
zumab scores.

Killing assay

The ability to engage NK cells and mediate lysis of tumor 
cells was assessed using a fluorescence-based A431-NK-cell 
killing assay. To this end, human PBMCs were isolated from 
whole blood of healthy donors (donors provided informed 
consent) via SepMate tubes (Stemcell) and Lymphoprep 
density gradient media (Stemcell) according to the supplier’s 
manual prior subsequent automated negative-NK cell isola
tion (Stemcell). The isolated NK cells were rested in AIMV 
(Thermo Fisher Scientific) medium supplemented with low 
dose rh IL-2 (100 U/ml; R&D) overnight at 37°C and 5% 
CO2. EGFR-positive A431 were cultivated in DMEM 

medium supplemented with 10% (v/v) heat inactivated fetal 
bovine serum, while EGFR-negative ExpiCHOTM (Thermo 
Fisher Scientific) cells were cultivated using ExpiCHOTM 

(Thermo Fisher Scientific) according to the manufacturer’s 
protocol. For the assay, target cells were labeled with Cell 
Tracker DeepRed dye (Thermo Fisher Scientific) prior 
adjustment to 0.125 × 106 viable cells/ml in corresponding 
media and transfer of 2’500 viable cells per well into a Bio- 
One μClear 384-well plate (Greiner). After cell adherence, 
NK cells were added to an effector-to-target (E:T) ratio of 
5:1, followed by 5 µl sample addition, pre-diluted in AIMV 
media. For EC50 evaluation, a 10-fold serial dilution, starting 
at 500 nM, was used. Controls included NK cells incubated 
with target cells only (basal killing), one-armed cetuximab 
eff- (negative control) and cetuximab (positive control). 
Addition of 0.03 µM SYTOX-green (Invitrogen) enabled the 
measurement of dead cells. Red and green fluorescence sig
nals were recorded for 12 h using an Incucyte Live-Cell 
Analysis Instrument (Sartorius). Determination of the red 
and green fluorescence overlay signals consequently allowed 
for dead target cell-specific analysis.

In silico developability assessment

The in silico developability profile was computed using our 
internal pipeline termed “Sequence Assessment Using 
Multiple Optimization Parameters (SUMO).”32 Briefly, this 
approach automatically generates VHH models based on the 
provided input sequences, calculates human-likeness to the 
most similar human germline sequence, and reports the fol
lowing sequence motifs as potential liability sites: DG, DD, DS 
(isomerization), NG, ND, NN, NT, NA, NS (deamidation), M 
(oxidation), C (unpaired cysteines), and N-X-S/T (glycosyla
tion) if these are >20% solvent exposed according to the struc
tural model. Moreover, the pI of the variable domain, 
Schrodingers AggScore as predictor for hydrophobicity and 
aggregation tendency and the calculated positive patch energy 
of the CDRs are determined. These scores are complemented 
with a green to yellow to red color coding, indicating scores 
within one standard deviation from the mean over a bench
marking dataset of biotherapeutics approved for human appli
cation as green scores above one standard deviation as yellow 
and those above two standard deviations as red. For the 
AggScore values, these cutoffs were slightly adjusted based 
on correlation analyses to internal experimental HIC data.

MHC-II binding predictions

To eliminate residues from CDR1 and CDR2 library design 
that would result in strong predicted MHC-II binding pep
tides, all enumerated variants plus their N- and C-terminally 
flanked framework residues were scored against a reference set 
of MHC class II alleles using the IEDB software (version 3.1.6; 
http://tools.iedb.org/mhcii/) using the following settings: 
IEDB-recommended Prediction Method; Selected species/ 
locus: Human, HLADR; the IEDB-recommended reference 
panel of 27 alleles; peptide length: 15.
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Abbreviations

AC-SINCS affinity-capture self-interaction nanoparticle 
spectroscopy

ADA anti-drug antibody
BLI biolayer interferometry
CDR complementarity-determining region
DSF differential scanning fluorimetry
FACS fluorescence-activated cell sorting
FR framework region
HcAb heavy chain-only antibody
HIC hydrophobic interaction chromatography
MHC mahor histocompatibility complex
NGS next-generation sequencing
NK cell natural killer cell
NKCE NK cell engager
oa one-armed
PBMC peripheral blood mononuclear cell
PBS phosphate-buffered saline
rh recombinant human
sdAb single domain antibody
SEC size exclusion chromatography
SEED strand-exchanged engineered domain
VHH variable domain of the heavy chain of a heavy 

chain-only antibody
WT wild-type
YSD yeast surface display
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