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Introduction

Antibody discovery is at the core of therapeutics research. However,
despite their prevalence, antibodies’ size and structure can impede
their ability to specifically target certain epitopes.

VHH antibodies, also known as single-domain antibodies, are small
antigen-binding fragments derived from camelid heavy-chain
antibodies. Their small size and multispecific capabilities overcome
many of the limitations of traditional antibodies, making them
excellent candidates for drug discovery and development.

This eBook highlights how VHH antibodies are being developed and
harnessed for therapeutic purposes, delving into the scaffolds used to
generate and discover them and examples of their real-world
applications against disease.
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1. Introduction

Bispecific antibodies (bsAbs) have emerged as a promising
class of therapeutic molecules, designed to simultaneously
target two distinct antigens or epitopes. Simultaneous target-
ing of antigens permits synergistic functionalities beyond
what can be obtained even with combinations of conventional
monospecific antibodies [1]. A prime example is bispecific
T-cell engagers that bridge tumor cells and T cells through
binding of both a tumor associated antigen and CD3, thus
targeting the T cells directly toward cells, expressing the
tumor-associated antigen and mediating the CD8 T-cell killing
of the tumor cells [2-4]. This work presents considerations on
the formation of bsAbs through the fusion of antigen binding
fragments from heavy-chain only antibodies (VHH) onto IgG
scaffold to form bispecific IgG-VHH antibodies.

2. Characteristics of IgG-VHH fusions

BsAbs can be assembled in numerous different ways from
various molecular building blocks to form a myriad of structu-
rally diverse bsAb molecules, and the molecular configuration
can be optimized to fit the therapeutic purpose [1]. Among
these, IgG-VHH fusions, where small (~15 kDa) and monomeric
VHH domains are fused onto IgG scaffolds, are a highly attrac-
tive way of forming stable and functional bsAbs [5]. The VHH
molecules are the smallest naturally occurring antibody bind-
ing domains derived from heavy-chain only antibodies that
can be found naturally in camelids and sharks. The VHH
domains are monomeric and thus do not rely on pairing
with a cognate light chain. This largely prevents chain mis-
pairing and undesired self-association, which are common
issues for scFv-IgG bsAbs that formed through the fusion of
single-chain variable fragments (scFvs) onto IgG scaffolds [6].
Additionally, VHHs are known for their high stability and solu-
bility, while generally being non-immunogenic, as they share
high sequence identity with the human VH domains [7], which
can be further improved through humanization campaigns.
The IgG-VHH fusions can be formed as both symmetric
bsAbs, that adhere to the paired heavy chain-light chain
symmetry of conventional monospecific antibodies (HC,LC,),

and as asymmetric bsAbs, e.g. by replacing one of the Fabs
with a VHH domain [5,8]. Both types of bsAbs contain Fc
domain that provides antibody effector functions through
the binding of cognate Fcy receptors as well as extended half-
life through FcRn recycling and easy purification using Protein
A. The construction of symmetric IgG-VHHs through simple
the fusion of VHH domains is a reliable and conceptually easy
way of forming bsAbs. The VHH can be fused to N- and/or
C-termini of HC and/or LC, thus allowing flexibility with regard
to valencies and molecular geometry. The HC,LC, symmetry is
beneficial, because only two polypeptide chains need to be
co-expressed, and therefore, the workflows closely resemble
those of conventional monospecific antibodies which are
established and very efficient. The recent exploration of
a comprehensive panel of symmetric IgG-VHH bsAbs showed
that fusion of VHH domains on IgG scaffolds is a robust way of
forming functional and structurally diverse bsAbs with high
thermodynamic stability and low aggregation propensity.
Binding studies further confirmed that the IgG-VHH bsAbs
were able to bind each target individually as well as simulta-
neously by being functionally bispecific [5]. The study also
highlighted that the structural configuration influences the
behavior of the molecules and that the molecular format is
therefore a crucial factor to consider when developing IgG-
VHH bsAbs. The molecular configuration of IgG-VHH bsAbs
can be optimized to fit the therapeutic purpose, e.g. by tailor-
ing the fusion site, the number of fused VHH domains
(valency) as well as the spacing of antigen-binding domains
by engineering the fusion site(s) and judicious linker design. It
is also possible to form tandem VHH-Fc by replacing each Fab
domain of the IgG with a tandem VHH to produce
a tetravalent bsAb that does not contain any light chain. This
construct requires expression of only a single polypeptide
chain, thus greatly limiting the number of potential antibody-
related impurities that can be formed from incomplete bsAb
assembly. The simplicity of the tandem VHH-Fc construct
makes it an attractive format that is currently being evaluated
in a clinical setting (NCT03809624).

By replacing only a single Fab of the IgG with VHH or fusing
the VHH on one of the HCs while also including mutations for

CONTACT Steffen Goletz @ sgoletz@dtu.dk @ Department of Biotechnology and Biomedicine, Technical University of Denmark, 2800 Kgs. Lyngby, Denmark

© 2024 Informa UK Limited, trading as Taylor & Francis Group


http://orcid.org/0000-0002-8449-9691
http://orcid.org/0000-0001-7205-6853
http://orcid.org/0000-0003-1463-5448
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/14712598.2024.2336068&domain=pdf&date_stamp=2024-04-26

3 (@A V. MADSEN ET AL.

HC heterodimerization, such as knobs-into-holes [9], asym-
metric IgG-VHH bsAbs can be constructed. These asymmetric
bsAbs have the distinct advantage of containing only a single
light chain which eliminate the risk of incorrect HC-LC pairing.
The asymmetric nature of these IgG-VHH molecules allows full
control of the valencies, and the bsAbs can also therefore be
used for targets that require monovalent targeting of antigens
where antigen crosslinking is highly undesired, such as CD3
[10]. The modular nature of VHH domains and IgG molecules
allow very high flexibility with regard to fusion sites and the
number of fused binding partners. This is not only applicable
for tailoring the valencies of IgG-VHH but can also be used in
the formation of tri- and tetraspecific antibodies [11].

While the fusion of VHH domains onto IgG scaffolds repre-
sents an attractive and robust means of forming bsAbs, it
should be noted that the added complexity of molecules
compared to the parent IgG risk introducing unexpected liabil-
ities. This has been shown in a recent study where certain IgG-
VHH configurations were found to be more aggregation prone
than the parent IgG scaffold. This was particularly evident for
two hexavalent bsAbs with VHH fused C-terminally on both
HC and LC, suggesting that an added structural complexity of
bsAbs can compromise colloidal stability [5]. Furthermore, the
subclass of 1gG scaffold should carefully be considered to
match the intended IgG-VHH functionality [12].

3. Expert opinion

VHH domains are being increasingly recognized as attractive
modular building blocks for constructing complex bsAbs with
advanced functionalities. Despite their smaller size and relatively
fewer complementarity-determining regions (CDRs), their bind-
ing affinities and versatilities are fully comparable to Fab and
scFv. A recent comparison of a large number of paratope-epi-
tope interfaces showed that VHH domains compensate for their
smaller size by applying a larger proportion of both CDR and
framework residues in the binding interface. This allows them to
establish a similar number of total atom-atom contacts between
the paratope and the epitope as conventional Fv antibodies,
containing both VH and VL [13]. The efficient construction of IgG-
VHH bsAbs can be broken down into the processes of (1) identi-
fying suitable antigen-binding partners with the desired binding
functionality and (2) judiciously combining the building blocks in
an optimal molecular configuration that will allow the IgG-VHH
to exert the desired biological function.

3.1. Identifying molecular building blocks

VHHs for therapeutic approaches can be obtained through the
immunization of llamas in combination with the construction of
large antibody libraries, such as phage or yeast display libraries,
or via synthetic VHH antibody libraries with human or huma-
nized frameworks [14]. As shown recently, VHH domains exhibit
comparatively longer CDR3 than their Fv counterparts [13,15],
thus making human VHH libraries with longer CDR3 desirable for
therapeutic approaches which have been reported recently
(Goletz, PEGS Europe, 2023). Since these processes to identify
lead candidate VHH can be laborious and time consuming [12],
computational tools are increasingly used to improve antibody

discovery campaigns. Examples include deep mining of antibody
repertories through next-generation sequencing coupled with
advanced analytics [16] as well as modeling efforts to avoid
selecting hits with liabilities that will negatively affect the devel-
opability profile and make them unsuitable as drug candidates
[17]. The small and monomeric nature of VHH antibodies is also
advantageous in these in silico workflows, because the lack of
a VL partner makes uncertainties associated with proper VH-VL
pairing obsolete. These uncertainties include reconstitution of
native VH-VL pairs from individually sequenced genes or VH-VL
packing during structural modeling.

3.2. Assembling 1gG-VHH bsAbs

After identifying an IgG scaffold and a suitable VHH domain to
use as the exogenous fusion partner, the components must be
combined to form the final IgG-VHH. The structural search
space for IgG-VHHs grows exponentially with linearly increas-
ing number of parental antibodies, because the components
can be combined in numerous different ways (Figure 1) [18].
Several parameters are important, such as fusion site, spatial
orientation, valency, and linker lengths and design, which
need to be carefully selected to achieve the desired biological
activity and developability profile. While the optimal molecular
configuration is likely to depend on target combinations and
target availability, some trends were observed from
a systematic study of a comprehensive panel of structurally
diverse 1gG-VHH bsAbs with mirrored specificities [5,8]. In
these studies, the fusion of VHH to the HC in a symmetric
format is favorable over fusion to LC. While all IgG-VHH bsAbs
in the panel were functionally bispecific, i.e. able to bind both
antigens individually and simultaneously, the molecular geo-
metry showed influences on the binding affinity. The fusion of
VHH to LC reduced the affinity of the scaffold Fv when linked
N-terminally (3-10 fold affinity reduction), whereas fusion
C-terminally on LC impaired the binding of VHH itself (4-5
fold affinity reduction). In contrast, VHH fusion to the HC
showed much less pronounced effect on the binding affinity
for both C- and N-terminally fused constructs. Since bsAbs
often exhibit higher complexity than conventional 1gGs,
there is a need for assays that are capable of selectively
characterizing the intricate binding functionality of bsAbs.
Recently, an in-solution assay for dissecting bsAb binding
functionality in complex dual binding environments without
relying on potentially obstructive surface immobilization was
introduced. The assay permits the assessment of simultaneous
antigen binding through incremental increases in antibody-
antigen complex sizes as well as determination of individual
binding affinities even in higher order bsAb complexes, where
more than one antigen is bound [8]. This in-solution assay
based on flow-induced dispersion analysis also allows the
determination of binding cooperativity and interference and
can be applied even with complex sample matrices.

Another important aspect of bsAbs besides the direct tar-
geting of the antigen and exerting the biological functionality
is the developability profile, broadly referring to physicochem-
ical properties that describes how likely it is a candidate can
become an efficacious, safe, and manufacturable drug. Such
important features include production yield, biophysical
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Figure 1. Combinatorial diversity of symmetric bsAb binder formats increases exponentially with increasing number of parental antibody building blocks. Only
a selected set of symmetric tetravalent bsAbs are shown, but the structural search space will become even bigger while also including asymmetric bsAbs or higher

valency symmetric bsAbs.

stability, solubility, polyreactivity and immunogenicity. The
bispecific IgG-VHH format can be seen as favorable in respect
to biophysical stability and yield. The thermal stabilities of the
symmetric IgG-VHH bsAb panel were generally high, and
aggregation propensities were low, both comparable to I1gG1
molecules [5]. Asymmetric formats using VHH as fusion part-
ner are also seen to be robust in respect to the VHH part, while
the thermal stability is somewhat reduced compared to 1gG1
and symmetric formats [7], since most platforms for HC het-
erodimerization of asymmetric bsAbs are based on CH3 engi-
neering known to negatively affect thermal stability. In respect
to manufacturability, all the IgG-VHH bsAbs with VHH fused on
HC fusion of VHH to HC showed an increase in productivity
compared to the parent IgG1, while fusion of VHH to LC
appeared less favorable [5]. Downstream workflows can
make efficient use of Protein A purification and closely resem-
ble those of conventional IgG1 for symmetric IgG-VHH. Most
research on antibody developability has been conducted with
conventional monospecific IgG molecules, and there is thus
a need for a more systematic evaluation of developability
liabilities for bsAbs such as IgG-VHH.

4. Conclusion

Conclusively, IgG-VHH bsAbs present as attractive therapeutic
agents that can be robustly assembled with high versatility to fit
the intended mechanism of action. The small and monomeric
nature of VHH domains make them highly suitable as exogen-
ous fusion partners that bypass many of the issues often
encountered for scFvs, containing both VH and VL. While the

ability to assemble IgG-VHH bsAbs with diverse molecular geo-
metries allows for tailoring the bsAb to fit the therapeutic need,
it also creates a large structural search space. The molecular
configuration has a profound impact on the activity and beha-
vior of the bsAbs. Recently described patterns for preferable
fusion sites and geometries can help effectively exploring the
search space to identify optimal bsAb binder formats and to
generate optimized bispecific therapeutic candidates.
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Background

VHH domains, derived from the variable heavy chain of the heavy-chain-only
IgG2 and IgG3 domains in camelids, represent a small, single-domain antibody
fragment. VHH domains have been successfully applied to technologies such as
bispecific therapeutic molecules.

Discovering novel VHH domains can take place by multiple workflows, including
using B-cell sorting and using display libraries. Within display libraries, the library
is generally one of three classes of molecule: synthetic molecules, immune-
derived molecules, or naive germline molecules. Each approach has its own
unique advantages and applications.

Here, we present the construction and early validation of a large naive library
from llamas and alpacas. The data suggests that this library, the AbNano™ VHH
Naive Library, may be well-suited for rapid discovery of VHH domains binding to
therapeutic targets with varying levels of affinity.

Total RNA
isolation
- — e —

PBMCs in RNAlater —» — MmRNAisolation —s RT-PCR

) RE1 =+
e s o
- RE2
ugmon  RET =wwii. pez
l amber stop
A} -
v | v — < i

pADL phagemid

Figure 1: Overview of the library construction process. A total of 112 x 100
transformants were collected from 13 sublibraries.

Library Construction

The library was constructed from 103 naive animals: 77 llamas and 26 alpacas. A
total of 151 x 10 PBMC cells were collected and used for library construction.

Libraries were constructed using species-specific primers. A total of 13
sublibraries were constructed through transformation. The total number of
transformants for the library was 112 x 10°° cfu. Transformants were analyzed by
Sanger and the individual sublibraries were analyzed by next generation
sequencing at a total read count of 1.71 M reads using GeneWiz® Amplicon-EZ
services from Azenta Life Sciences. NGS reads from each sublibrary were
combined and analyzed using Geneious Biologics.

The theoretical diversity of this library is difficult to predict due to variations in
VHH-presenting heavy-chain-only IgG ratios among PBMCs, but sequencing data
suggests that this library is transformation-limited in its diversity. Minimal
redundancy was measured, and the library is generally free from bias or other
cloning artifacts in its construction. Based on the unique cluster frequency, the in-
frame VHH rate, and the number of representative transformants, we estimate
the maximum possible library size of the naive VHH library to be 6.48 x 10° unique
clonal VHH.

Library bacterial stocks were grown to log phase, infected by MI3KO7, PEG
precipitated, and the pooled phage was titered. Phage were normalized in PBS +
20% glycerol and aliquoted as 1 mL tubes frozen and stored at -80 C.
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Figure 2: Comparison of cluster
diversity for amino acid identity of
CDR3 and for 95% homologous

nucleotide identity of CDR3 suggests
that there is minimal inherent bias in

the final constructed library

independently of any call or mutation

artifacts.

Figure 3: Histogram of length
distribution in CDR3 of the VHH
domains in the library. CDR3 length

distribution of the pooled naive library
fits well with existing literature values

for naive camelid CDR3 and has

good representation of CDR3 lengths

from 5-22 residues in length.
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Panning and Screening

Phage selections were performed from the pooled phage input. Round 1 panning was performed
with approximately 2.5 x 10'° pfu of phage. Here, we present campaigns against three separate
targets of interest: INSR3 ECD, EGFR ECD, and PD-L1 ECD. All antigens were purchased
commercially from Acro Biosystems.

For INSRg panning, the recombinant antigen (residues H28-K944 of accession number P06213-2
with a C-terminal His tag) was adsorbed onto polystyrene plates. Phage was eluted by
triethylamine after panning and PEG-precipitated between rounds. Clonal shockate screening
generated 47 hits above the threshold of A405 > 0.4, with 29 unique binders by CDR3 analysis.
Clone AbN3c-FO1 (531 nM ECy,, Figure 5) was the most abundant clone in the sequenced pool.

Clonal ff-phage LA sereen Naive VHH Library v INSR ECD

aive VHH ws, INSRECD.

Abs (405 nm)
o
~

e ot et e e
Concentration of VHH (M)

Figure 5. INSR lead VHH identified from clonal

Figure 4. Clonal crude VHH were prepared by ST S8 FUTTES Gy N A GITE

osmotic shock and assayed against recombinant : . P Myl
INSR adsorbed on polystyrene plates. The single- assayed in duplicate titration. Binding was
point binding was detected by HRP-anti-VHH visualized with HRP-anti-VHH conjugate and
conjugate and ABTS. ABTS.

Recombinant human epidermal growth factor (residues A310-C620 of accession number
P00533-1 with C-terminal biotinylated Avi tag and poly-His) was pre-bound to streptavidin-
coated magnetic beads. Phage was eluted by triethylamine after panning, and unprecipitated
supernatant was used for further rounds. Clonal shockate screening generated 34 hits above the
threshold of A405 > 0.4, but only 7 unique sequences by CDR3 analysis. AbNIB-E07 was a
dominant clonotype comprising 14 of the 34 hits.
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Figure 6. Clonal crude VHH were prepared by
osmotic shock and assayed against recombinant
EGFR bound to streptavidin plates. The single-point
binding was detected by HRP-anti-VHH conjugate
and ABTS.
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Figure 7. EGFR lead VHH AbN16-EQ7 identified
from clonal screen data was purified by Ni-
NTA, then was assayed in duplicate titration.
Binding was visualized with HRP-anti-VHH
conjugate and ABTS.

Recombinant human PD-LI (residues F19-Y134 from accession number QINZQ7-1 with C-terminal
biotinylated Avi tag and poly-His) was incubated with blocked phage before being pulled down
by addition of streptavidin-coated magnetic beads. Phage was eluted by triethylamine after
panning and PEG-precipitated between rounds. 470 clones were screened by single point ELISA,
generating 147 hits above the threshold of A405 > 0.4 with 68 unique sequences identified from
the 470 clones screened. This represents a unique hit rate of 14.5%.
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Figure 9. Five clones with varying single-point ELISA
signal (PO3HO3 = 3.38, POIEO2 = 3.00, PO3GO1 = 2.9],
PO3AI2 = 0.62, PO4EIO = 123) were purified by Ni-NTA then
assayed in duplicate titration. Binding was visualized
with HRP-anti-VHH conjugate and ABTS.

Figure 8. Clonal crude VHH were prepared by osmotic
shock and assayed against recombinant PD-L1 bound to
streptavidin plates. The single-point binding was
detected by HRP-anti-VHH conjugate and ABTS.

Conclusions & Future Directions

Early validation of the AbNano™ VHH Naive Library suggests that the library is diverse and well-
suited for rapid discovery of VHH domains binding to protein targets in a range of panning
conditions. There is evidence to suggest that PEG precipitation between rounds minimizes the
clonotype collapse at round 3. There is evidence to suggest that clones with approximately three
orders of magnitude difference in affinity can be recovered side-by-side.

Future directions with this library are abundant. Additional panning verification datasets will yield
greater confidence in library quality, especially against atypical antigens or antigen
presentations. Semi-synthetic methods to diversify the library pool may be appealing at first, but
due to the fully natural framework sampling such methods would inadvertently reduce the
diversity in the frameworks. Individual hit and lead molecules are appealing to characterize and
develop. Lead molecules derived from this library may also be independently engineered toward
therapeutic applications.
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Chimeric antigens displaying GPR65 extracellular loops on a soluble scaffold
enabled the discovery of antibodies, which recognized native receptor
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ABSTRACT

GPR65 is a proton-sensing G-protein coupled receptor associated with multiple immune-mediated
inflammatory diseases, whose function is relatively poorly understood. With few reagents com-
mercially available to probe the biology of receptor, generation of an anti-GPR65 monoclonal
antibody was desired. Using soluble chimeric scaffolds, such as ApoE3, displaying the extracellular
loops of GPR65, together with established phage display technology, native GPR65 loop-specific
antibodies were identified. Phage-derived loop-binding antibodies recognized the wild-type
native receptor to which they had not previously been exposed, generating confidence in the
use of chimeric soluble proteins to act as efficient surrogates for membrane protein extracellular
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loop antigens. This technique provides promise for the rational design of chimeric antigens in

facilitating the discovery of specific antibodies to GPCRs.

Research Highlights

® This technique offers a viable approach for antibody discovery to difficult GPCRs.

® Structurally relevant, soluble chimeric scaffold proteins of GPR65 were generated.

® Chimeric antigens were used to identify GPR65-specific antibodies by phage display.

Introduction

Ankylosing spondylitis (AS) is the prototypical sero-
negative spondyloarthritis, presenting with chronic
inflammation primarily in the spine and sacroiliac
joints, often in association with extra-articular features
and comorbidities including inflammatory bowel dis-
ease and psoriasis [1,2]. While current therapeutic
strategies for AS include the use of biologics to neu-
tralize specific proinflammatory cytokines, many
patients exhibit an inadequate clinical response to last-
line therapies [3,4]. With significant unmet medical
need, further research is required to fully understand
the pathogenesis of this disease and elucidating the
pathogenic role of genetically associated proteins will
be key in developing effective therapeutics.

Genome wide association studies have iden-
tified GPR65 association with many immune-
mediated diseases, including AS [5,6]; however,
its  pathogenic role remains unknown.

Discovered in 1996, GPR65 is a proton-
sensing G protein coupled receptor (GPCR)
family member, which becomes optimally acti-
vated at pH 6.4-6.8, leading to G protein sig-
naling and resulting in the accumulation of
intracellular cAMP (cyclic adenosine monopho-
sphate) [7,8]. GPR65 mRNA is predominantly
expressed in the spleen, thymus, and peripheral
blood leucocytes [9], therefore, the receptor is
hypothesized to play an important role in the
immune system.

GPCRs are highly conserved cell surface recep-
tors which transduce extracellular signals into phy-
siological effects and represent the largest family of
proteins encoded by the human genome. Through
their involvement in many key processes, their
dysfunction contributes to many human diseases.
Historically, there has been intense interest in the
expansive GPCR family, and they still stand as the
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largest group of therapeutic targets, with most
successful approaches targeting GPCRs with
small molecules and peptides [10]. Despite decades
of work, there are still only two approved GPCR
targeted therapeutic antibodies, speaking to the
technical challenges associated with identifying
functional antibodies against GPCRs, and the
need to advance extracellular loop display [11].
The creation of soluble antigens designed from
the extracellular domains of calcitonin gene-
related peptide linked to Fc domains enabled the
discovery of erenumab, the first FDA approved
antibody against a GPCR [12]. Alternatively,
mogamulizumab was generated through the
humanization of a chimeric mouse anti-CCR4
antibody, raised by immunizing a mouse with
a peptide consisting of only 27 amino acids from
human CCR4 [13,14].

Here, we use rationally designed chimeric pro-
tein scaffolds based on human apolipoprotein E3
(ApoE3) to present extracellular loops (ECL) of
a GPCR as antigens in phage display, to discover
GPR65-specific antibodies capable of recognizing
native cell-expressed protein.

Results

Work carried out in the vaccine field suggested
that substituting structures of interest onto protein
scaffolds, termed ‘epitope transplantation,” can eli-
cit an immune response to the antigen [15].
Within the seven-transmembrane structure of
GPR65, the extracellular loops would likely exit
from and enter back into alpha helices. Hence,
three constructs were designed to utilize the 4
alpha-helix bundle structure of soluble ApoE3,
with each of the preserved GPR65 ECL substituted
for the wild type (WT) residues 105-109
(‘LGQST’) of ApoE3; in turn mimicking the mem-
brane protein ECL leaving and entering a helix on
each side (Figure 1a).

Additional constructs were also designed to
incorporate several amino acids of the helices
that lead into and away from the loop from the
GPR65 sequence, to see if a more representative
reflection of the backbone would provide a closer
structure of the loops within the native protein.
Limits of these alterations along the two helices
were calculated upon the identification of

a seemingly critical interaction (Figure la, repre-
sented as red residues), required to maintain struc-
tural integrity of the protein. Finally, an additional
His-Avi-TEV site was included within the con-
struct design to aid purification of the protein, as
well as biotinylation for downstream use.

Analysis of cell lysates, before and after induction,
verified the expression of the chimeric proteins from
bacteria. Next, the solubility of the chimeric proteins
was assessed by separating the cell lysate (after
induction) into a soluble and insoluble fraction
through centrifugation. Majority of the proteins con-
tained sequence changes that were well tolerated and
found in the soluble fraction, whilst those where
amino acids of the backbones were replaced with
GPR65 residues (represented by + 2aa, +4aa and +
6aa), remained in the insoluble fraction (Figure 1b).

The chimeric proteins with direct loop substi-
tutes went on to be used as antigens within
a phage display campaign (Figure 2a) to pan 3
established UCB phage libraries. Two libraries of
naive human single chain variable fragments
(scFv), each created independently from different
donors, and a library of llama variable domain of
heavy chain only antibodies (VHH) were included
to increase diversity, aiming to expose the small
(<30 amino acid) GPR65 ECL epitopes to advan-
tageous antibody formats and diversity.

As peptides were acting as the antigen, the pan-
ning strategy was designed to increase efficiency
by pooling all three constructs, each representing
one of the GPR65 ECL, as well as maintaining
a high concentration throughout the three pan-
ning rounds. Importantly, the epitopes of interest
presented by the chimeric constructs were a small
portion of the whole protein, therefore throughout
the later panning rounds, subtraction pans were
also incorporated. WT ApoE3 (Figure 2a, yellow
boxes) was used to remove backbone binders and
encourage only those recognizing the substituted
loops of interest to become enriched.

Once panning was complete, monoclonal anti-
bodies were rescued, and antibody-containing
supernatant were screened by ELISA, identifying
163 antigen-specific binders (Figure 2b). Of the
antibodies derived from the VHH library, the
subtraction pan did not appear to enrich loop-
specific binders, resulting in more from those
not exposed to WT ApoE3. The scFv libraries
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Figure 1. Expression of GPR65 chimeric constructs as soluble proteins. a) AlphaFold models representing human GPR65 (Uniprot
entry Q8IYL9), truncated human apolipoprotein E (Uniprot entry P02649, PDB 1BZ4) and a representative example of the chimeric
proteins, here displaying ECL2 of GPR65 (yellow) from the ApoE3 backbone (green). The transmembrane and ICL of GPR65 are in
dark blue, with alternative GPR65 ECL in orange. Within the WT ApoE3 protein, the light blue region indicates the substituted
residues, with red sites representing critical interactions between the two helices, which maintain structural integrity of the protein.
b) SDS-PAGE gel of cell lysates before (b) and after (a) induction, and soluble (S) and insoluble (IS) fractions of expressed proteins for
chimeric constructs with ECL2, representative for both ECL1 and ECL3. The + x’aa represents how many amino acids on each side of
the loop, as part of the helix, were also substituted with those from native GPR65. Correct bands are observed between 22 and
23kDa. Red squares represent a lack of soluble protein.

led to a higher hit rate of antigen-specific anti- ~ ApoE3 backbone binders. The additional pan-
bodies; with enrichment of loop-specific antibo-  ning round for scFv libraries over the VHH
dies through the inclusion of a subtraction step  library was due to library size differences
(at either rounds 2 or 3) and resulted in fewer  (Figure 2b).
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Figure 2. Generation of GPR65 antigen-specific monoclonal antibodies, using phage display. a) Schematic of phage display panning;
three constructs representing each extracellular loop of GPR65 were pooled and acted as antigen throughout all stages of phage
panning, for each of the three libraries screened (2 naive scFv and naive VHH). The antigen concentration remained the same
throughout each round (1.5uM) and rounds 2 and 3 also included a subtraction step against WT ApoE3 (yellow boxes), to remove
antibodies that bound the backbone. Eight pans were generated, each representing a different panning strategy. Phage antibody-
containing supernatant was analyzed by ELISA against the pool of three chimeric constructs, WT ApoE3 and neutravidin. Those
positive only on the construct plate were selected as antigen-specific hits, whilst those which also bound ApoE3 were deemed
backbone binders. b) Binding results from each of the different panning conditions. c) Representative ELISA plates for pans 1 and 3
(half a plate each; pan 1 on the left-hand side, pan 3 on the right-hand side).

Upon phagemid DNA amplification by PCR,
sequencing analysis identified 28 unique antibo-
dies, 26 derived from the scFv libraries, and 2 from
the VHH phage library. To screen for antibody
activity, extracted VHH and scFv products were
subjected to seamless cloning and reformatted into
scFv-rabbit Fc or VHH-rabbit Fc formats; 20
phage antibodies were successfully cloned.

The antibodies were transiently expressed, and bind-
ing specificity verified by ELISA. Of the 17 antibodies
successfully expressed, loop-specific antibodies were con-
firmed to have been generated, with 7 recognizing the
ECLI construct, whilst 10 bound the ECL2 construct

(Figure 3). Though expecting to see binding to ECL2 as
the largest of the three loops, it was encouraging to also
see binding to one of the smaller loops, ECLI.

A successful phage campaign delivered chimeric
construct-specific antibodies, but it was important to
understand whether these could recognize receptor
expressed on a cell surface. Expression of both
upstream FLAG and downstream GFP (Figure 4a,
b) were used to imply surface expression of wild-
type GPR65 upon being transiently transfected into
HEK cells. In a primary binding screen on these cells,
concentration-dependent binding to the receptor was
observed for 3 of the phage-derived antibody-



BIOENGINEERED 1

1 2 3 B 5 6 T 8 9 10 11 12
A 0.065 0.036 0.132 0.173 0.039 0.039 0.061 0.036 0.041 0.118 0.054 0.100
B 0.515 0.077 0.187 0.072 1.231 0.042 0.055 0.067 0.043 0.543 1.394 0.115
C 0.562 0.045 0.038 0.048 0.270 0.473 0.045 0.040 0.055 0.548 0.191 0.330
D 0.037 0436 | 0.041 0.163 0.036 0.457 0.040 0.036 0.055 0.090 0.538 0.398
E 0.044 0.048 0.044 0.052 0.782 0.04 0.047 0.045 0.043 0.062 0.762 0.042
F 0.040 0569 | 0038 0.677 0.035 ).033 0.041 0.033 0.035 0.637 0.663 0.033
G 0.041 0.467 0.038 0.678 0.033 .04 0.043 0.047 0.032 0.480 0.626 0.038
H 0.039 0.046 0.035 0.037 0.255 0.034 0.035 0.047 0.036 0.044 0.935 0.051
ECL1 ECL2 ECL3 All

Figure 3. Phage derived antibodies specifically bound ECL1 and ECL2 GPR65 chimeric constructs. 20 cloned antibodies were
expressed, and antibody-containing supernatant binding was tested by ELISA against plate-bound individual chimeric constructs
or as a pool, to determine their specificity (numbers provided are optical density values). Layouts of antibodies tested were repeated
across the plate, per each binding profile (ECL1, ECL2, ECL3 and a pool of all three in ‘All'). Binding is highlighted in green. The
purple wells represent values from the secondary antibody control, the blue wells are blank controls, and the red values from mock

transfected HEK cell supernatant, as an additional control.

containing supernatants, compared to background
(Figure 4c, d). The three binders specifically recog-
nized ECL2 and represented the two distinct libraries
panned; Abl.1 coming from the VHH library (pan 4,
without WT ApoE3 subtraction), and antibodies
Ab52 and ADbS5.3 derived from scFv library 1.
Indeed, Ab5.2 and Ab5.3 came from the same cam-
paign (pan 1, without WT ApoE3 subtraction) but
being discovered independently increases confidence
in the validity of the sequence. The consistent perfor-
mance of these two clones throughout screening,
further confirms the binding profile of this antibody
and supported selection for further interrogation.

To remove any unwanted signals from artifacts
that may have been in the supernatant, the three
GPR65-specific  antibodies were purified by
Protein A tips (Phynexus) and were confirmed to
maintain binding to GPR65 expressed on HEK
cells. Binding of these antibodies was then assessed
against primary immune cell subsets, to verify
binding to native receptor ex-vivo. At this stage,
only Abl.1 presented population right shifts of
binding, which appeared to titrate out, on CD16"
NK cells, B cells and monocytes, suggesting recog-
nition of the receptor expressed on the surface of
these cells; whilst not binding to T cells (Figure 5).

Discussion

Here, chimeric antigens have been shown to be
a viable approach to the discovery of antibodies to
difficult membrane protein targets, through the
display of GPR65 extracellular loops on a soluble
scaffold.

Antibodies being used as tool reagents is not
a new concept, with many specifically developed to
understand target biology and function, or to aid
with structural studies. There is currently no gold
standard for antibody generation to any given
target, with a broad variety of strategies used in
campaigns, to leverage upon each of their advan-
tages and disadvantages. Antibodies derived from
antigen-specific B cells upon immunization of
a host have already undergone affinity maturation,
have a high specificity and provide low immuno-
genicity. Whilst display technologies offer the
screening of large libraries covering millions of
V(D)J combinations, compared to the circulating
average 107 in humans, ultimately improving the
chance of identifying rare antibodies [16,17].

Due to known difficulties of immunizing hosts
with small epitope, membrane expressed proteins,
identifying a GPR65 antibody through phage dis-
play was favored. For optimal success, the antigen
being presented needs to be as similar to its native
conformation as possible. Without reliable recom-
binant protein, screening against whole cells
expressing the target is an alternative solution,
particularly for GPCRs as native conformation is
presented. However, this approach also has its own
limitations. Low abundance of membrane protein
expressed on cells, coupled with a high back-
ground of other proteins displayed on the surface
of a cell do not create the best environment for
identifying target-specific binders, particularly
here where small extracellular domains were the
site of interest. Moreover, phage particles are
notoriously sticky and have been known to be
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Figure 4. Phage-derived antibodies raised against chimeric constructs were able to recognise GPR65 expressed on HEK cells.
a) GPR65 construct containing hemagglutinin (HA) signal sequence to encourage trafficking to the cell surface, FLAG tag to
confirm surface expression, 3C and TEV protease sites to cleave off tags, His tag to aid with purification and GFP to aid with
detection of gene expression. b) The construct was transiently transfected into HEK cells and incubated for 24 h. Binding was
analyzed by flow cytometry, after initially gating on forward and side scatter, by FLAG expression, through a PE-conjugated
anti-FLAG antibody, and detection of GFP. Wild type HEK cells are depicted in blue, whilst HEK cells transfected with human
GPR65 are depicted in green. Percentage of GPR65 positive cells (green) is stated within the plots. Diluted phage-derived
antibody-containing supernatant was incubated with HEK cells +GPR65, and binding was detected using an anti-rabbit Fc. ¢)
Initial HEK cell screen of all phage-derived antibodies, highlighting 3 titrating GPR65-specific binders. d) Flow cytometry
plots of the three GPR65-specific binders where GFP* cells represent GPR65 expressing cells (green), whilst GFP™ cells (reg
and grey) represent the internal negative control of cells not successfully transfected with GPR65 DNA, while mock cells
(orange) reflect WT HEK cells having undergone the transfection protocol, without the addition of any DNA.



CD4* T cells MAIT cells

CD16" NK cells

BIOENGINEERED 13

B cells

A

AR\ ‘ A0\

T ¥y
-1 1 3 5 -1 1 3 5

A

10 10 10 10 10 10 10 10

Secondary antibody binding Secondary antibody binding Secondary antibody binding Secondary antibody binding
Classical Intermediate Non classical
monocytes monocytes monocytes
A g/\ —andinn, Antibody - 10 pg/mL
A A
/ \‘ /‘/ \\
/\ _A0\ Antibody - 1 pg/mL
- - //\ PN Isotype control - 10 pg/mL
ey reemgreereee . w/'/ Ny e . Secondary antibody control
w! 10! i0° 10 w! 10 10° 10° w! 10' 10° 10°
Secondary antibody binding Secondary antibody binding Secondary antibody binding

Figure 5. A GPR65-specific monoclonal antibody was successfully derived from phage display of a chimeric protein. PBMCs
were isolated from a healthy control (n = 1), treated with Fc block for 10 min, then phage-derived antibody incubated with the
cells for 1 h. DAPl-negative live cell subsets were identified according to their phenotype' before secondary antibody
(anti-rabbit IgG AF647) binding was assessed by flow cytometry. Phage-derived antibody binding is depicted in light or dark
green, at Tpg/mL or 10 pg/mL respectively, with the secondary antibody control depicted in blue, and the isotype control

reflected in grey. Ab1.1 is the example shown.

internalized by cell membrane receptors [16],
shrinking the library being screened. Thus,
a novel strategy for antigen presentation is desired.

Mindful of the approach of Correia and collea-
gues [15], chimeric constructs were designed and
wild type GPR65 extracellular loops were success-
fully displayed on the alpha-helix of soluble
ApoE3, when substituted at the specific joining
site between the loop and alpha-helix. The lack
of solubility of those constructs where amino
acids of the backbones were replaced with GPR65
residues, suggested an alteration to the structure of
the scaffold. While it is possible that the additional
residues could contribute directly to the insolubi-
lity (e.g., FNAVML and INLNLF, represented the
longest addition of amino acids at both the ends of
the loop substitution), it seems more likely that
structural integrity of the chimeras was compro-
mised, possibly causing the proteins to misfold
and aggregate into inclusion bodies and

highlighting the importance of maintaining the
integrity of the alpha helices.

We note that Koksal et al, report an antibody
scaffold mimetic (ASM) in which the N terminus
and all three extracellular loops of CXCR4 were
presented in the complementarity-determining
region of an antibody [18]. It is perhaps somewhat
fortuitous that the juxtaposition of the loops was
sufficiently similar in the ASM for useful antibo-
dies to be obtained. The method we describe here
enables antibodies to individual loops to be
obtained, and of course these individual loops
can be presented in separate constructs and used
for immunizations and panning in parallel. We
also believe that splicing onto alpha helical scaf-
folds in ApoE3 is more relevant and structurally
representative for GPCR antigens than being sup-
ported on the beta sheet of an antibody scaffold.
Although we have no experience of double sub-
stitution into adjacent loops in ApoE3, we would
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not necessarily advise following such an approach
when wusing broadly for alternative GPCRs.
Instead, one would recommend grafting each
loop individually into separate ApoE3 frameworks,
and possibly mixing as immunogens.

Within the human libraries screened, the multi-
ple rounds of panning allowed for subtraction
through enrichment, minimizing attrition at later
stages. Overall, the phage display campaign was
a success, with 17 antibodies discovered which
bound the chimeric antigens, possessing specificity
for the GPR65 substituted loops. It is of note, that
pooling of antigens did not appear to bias antibo-
dies dominant for one construct. Monoclonal anti-
bodies recognizing both ECL1 and ECL2 were
identified, whilst no antibodies were recovered
for ECL3.

Without the ability to screen for binding to
GPR65 recombinant protein, three phage-derived
antibodies were shown to specifically recognize
GPR65 expressed on HEK cells, with binding com-
parisons between the WT GPR65 receptor, alter-
native membrane proteins and mock-transfected
cell lines; thus, validating the technique for using
scaffold proteins to display antigen and elicit
a response to facilitate the identification of native
antigen-specific binders. However, for these anti-
bodies to be useful for interrogating GPR65 biol-
ogy, it was important they were able to bind
endogenous receptor expressed on primary
human cells.

We saw convincing binding of the VHH Abl.1
to B cells, monocytes and NK cells, but not to
CD4" T cells or mucosal-associated invariant
T (MAIT) cells. To date, published data reporting
GPR65 expression has been obtained through
mRNA analysis, with MAIT cells, CD16" NK
cells and non-classical monocytes as the highest
expressors [19]. Through the inclusion of an Fc
block step, the Fc portion of an antibody should
have been prevented from interacting with FcyRIII
(CD16) expressed on NK cells and non-classical
monocytes.

The lack of binding at either concentration to
MAIT cells was unexpected, although it is not
unusual to observe discrepancies between mRNA
and protein expression of a given target due to
posttranscriptional processing and regulation
[20]; therefore, transcripts are not sufficient to

predict protein levels [21]. However, if mRNA
expression is high, there is a correlation for pro-
tein to be produced, even if not to the same high
level. At the time of writing, there are no reports of
GPR65 protein being expressed on MAIT cells. It
is possible that the presentation and conformation
of ECL2 in MAIT cells differs from other cell
types, with potential occlusion of the loop from
close binding of unreported proteins in a complex
or differential glycosylation. In this context, it is of
interest that Abl.1 the VHH with the smallest
footprint, showed binding to GPR65 on primary
cells, while the scFv antibodies featuring larger
paratopes were unable to bind. Further work is
required to improve the antibody properties of
Abl.1, to be able to confidently use it as a tool
reagent for probing GPR65 biology, in health and
disease.

In addition, it is important to note that there is
a potential N-linked site (NWT) in substituted
ECL1 and another (NFT) in substituted ECL2 of
the chimeric constructs, but it is not clear if these
are used. Mammalian expression could readily be
used for the expression of the chimeras, but vari-
able and unrepresentative glycosylation could lead
to antibodies with less than universal application
in studies of native GPR65. Glycosylation can lead
to occlusion of antibody-binding sites, but in this
case antibodies, which bound to HEK expressed
and primary cell GPR65 were discovered from
panning against E.coli-produced constructs.

In summary, although applied so far to
GPR65, the work presented here provides evi-
dence to support a scaffold-based approach for
displaying looped epitopes, resulting in the iden-
tification of native protein loop-specific antibo-
dies. We see no reason why the method cannot
be of general applicability with accurate, struc-
turally enabled chimeras able to be readily con-
structed using the acceptor framework presented
here. Not only does this technique provide pro-
mise for future display technology campaigns,
but also within immunization strategies; using
host species scaffolds to present targets with
traditionally unstable structures to elicit
a targeted immune response. With enhance-
ments of research on basic structure, as well as
developments of novel approaches for antibody
discovery against difficult structures, the



generation of functional antibodies against diffi-
cult to target GPCRs is closer than ever before.

Methods
Chimeric protein expression and purification

Genes encoding ApoE3 chimeric constructs were
synthesized by ATUM, and cloned into BamHI
and Ncol restriction sites of a pET14b vector.
These constructs were co-transformed with
a pRSFDuet-1 vector encoding Biotin ligase
BirA, into NiCo2l1(DE3) E. coli cells (New
England Biolabs). Expression and purification of
the constructs were performed, as described by
the Swanstrom lab [22], with addition of 100 pM
biotin to the growth medium at the time of
induction with IPTG. Protein concentration was
determined on a Nanodrop spectrophotometer,
using absorption at 280 nm (Thermo Scientific).
To determine the solubility of each protein upon
expression in E. coli, SDS-PAGE was performed.
Briefly, samples taken from the cultures, before
and after induction, were lysed using BugBuster
MasterMix. After taking a sample from the lysate
of the induced culture sample, it was further
separated in a soluble and insoluble fraction by
centrifugation. NuPAGE™ LDS Sample Buffer 4x
(Invitrogen) containing dithiothreitol
(Invitrogen), was added to cell lysates, soluble
protein fraction and insoluble protein pellets to
a final 1X concentration, before being run along
a NuPAGE™ 4-12% Bis-Tris Protein Gel
(Invitrogen). Instant blue™ (Expedeon) was used
to reveal protein bands.

Phage panning in solution

Three UCB established phage libraries were used;
two naive human scFv phage libraries and a naive
VHH phage library.

In the first round of panning, ApoE3 GPR65
loop constructs (1.5 uM) were pooled and incu-
bated with each library, previously blocked in
PBS containing 3% milk. Constructs and asso-
ciated phage were captured from solution using
Sera-Mag™ SpeedBeads Neutravidin-coated (GE
Life Sciences). Beads were washed by magnetic
capture 5 times with PBS+0.1% TWEEN
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(VWR), and bound phage were eluted by 100 pg/
mL trypsin (Sigma) in Tris-buffered saline buffer.
Mid-log growing TGl cells were infected with
these phage particles and used for output titrations
and overnight amplification. Rescued phage from
round one was split in two and incubated directly
with either the same pool of antigen, or 1.5uM
WT ApoE3 construct, to remove binders to the
ApoE3 scaffold. Complexes were captured using
Dynabeads™ M-280 Streptavidin (Invitrogen), to
remove neutravidin binders, followed by selection
on chimeric ApoE3 GPR65 proteins. Enriched
phage from round two of both human libraries
were subject to a final round, and complexes
were captured with neutravidin beads. As the
VHH library was smaller than the human libraries,
only two rounds of panning were carried out.
Phage rescue was performed from polyclonal
E. coli populations between rounds or from indi-
vidual E. coli colonies after the final round.

Phage rescue

Phage rescue was performed using a modification of
the standard protocol [23]. Cultures were seeded at
a starting density of 0.1 ODggg in 2xYT medium with
2% glucose and 100 ug/mL carbenicillin and grown
at 37°C with shaking at 220 rpm until the ODgg
reached between 0.4 and 0.8. The culture was then
infected with M13KO7 at a multiplicity of infection
of 10 and incubated at 37°C for 1 h, without shaking.
The culture was then centrifuged at 4000 rpm for 10
min. The pellets were resuspended in 100 mL 2xYT
containing 100 ug/mL carbenicillin and 50 pug/mL
kanamycin. These cultures were grown for 18 h at
30°C, shaking at 240 rpm. Next, the cultures were
centrifuged at 8000 rpm for 15 min and phage-
containing supernatants were used for ELISA
screening or precipitated for further selection rounds
through incubation with 7 mL PEG sodium chloride
for 1 h, on ice.

Phage antibody characterisation and
optimisation

Monoclonal phage antibodies were screened for bind-
ing to the antigen they were raised against, WT ApoE3
and neutravidin, by ELISA. Briefly, biotinylated anti-
gen (chimeric constructs and WT ApoE3) or
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neutravidin was coated onto ELISA plates at 1 pg/mL.
Plates were blocked with PBS with 3% milk (Sigma),
before 100 uL of pre-blocked phage supernatant was
applied to the plate. Following a wash step (composi-
tion of ELISA wash is detailed in Supplementary Table
§1), anti-M13 HRP (Sino Biological) was added at
1:15000 dilution. Plates were developed with TMB,
before being read at 630 nm, on Synergy 2 (BioTek).

Phagemid DNA was sequenced (Macrogen),
before unique scFv/VHH regions were extracted,
amplified, and reformatted into a rabbit Fc fusion
vector, by seamless cloning (GeneArt™ Seamless
Cloning and Assembly Enzyme Mix).

The unique antibodies were synthesized and
cloned into custom vectors by TWIST Bioscience.

DNA constructs and preparations

A human GPR65 DNA construct was designed
(Uniprot entry Q8IYL9) along with a N-terminal
FLAG tag, a C-terminal 10-histidine tag and
labeled with GFP. Custom synthesis and cloning
into a mammalian expression vector were per-
formed by ATUM (California, USA). Plasmid
DNA was amplified through Qiagen Plasmid Plus
Giga kits and quantified.

Antibody and target transient expression

HEK293 cells were cultured in EXPI293 expression
media (Life Technologies), and cell concentration
and viability were determined using trypan blue
(Gibco, Life Technologies). Cells were routinely
cultured at 37°C, in 8% CO,, in vented
Erlenmeyer flasks (Corning, Surrey, UK), shaking
at 180 rpm and sub-cultured every 3-4 days, at
a seeding density of 0.5 x 10° cells/mL.

Cells were transfected with DNA-lipid com-
plexes comprising DNA and Expifectamine293
(Life Technologies) at a 1ug DNA:1 or 3 x 10%/
mL cell ratio for target and antibodies, respec-
tively, and prepared according to manufacturer’s
protocol. Transfected cells were incubated for 24
h, or up to 7 days, respectively, prior to use.

Isolation of peripheral blood mononuclear cells
(PBMCs)

Venous blood samples from anonymous healthy
donors based at UCB Celltech, Slough, UK were
taken directly into heparin-containing tubes. Blood
samples were taken with informed consent under
UCB Celltech HTA License number 12,504, as
approved by the Human Tissue Authority. All donors
gave written informed consent in accordance with the
Declaration of Helsinki.

Sample was diluted 1:1 with PBS and mono-
nuclear cells were separated from whole blood
using Leucosep™ tubes. These were centrifuged at
800xg for 15 min with no brake, and the PBMC-
containing interface was collected using a Pasteur
pipette. Cells were washed twice in PBS containing
1mM EDTA (here on in referred to as PBS
+EDTA) for 10 min at 200xg, then resuspended
in R10. Cells were counted after staining with
trypan blue using a hemocytometer under a light
microscope.

Flow cytometry

Monoclonal antibodies used here are listed in
Supplementary Table S2. Data acquisition was
obtained using a BD Bioscience Canto II
Fluorescence was compensated using single color
compensations Ultracomp beads (eBioscience) and
data were analyzed using FlowJo v9 or newer (BD
Life Sciences).

Surface staining

Up to 2 x 10° cells/well were stained in FACS buffer
(composition of buffer is detailed in Supplementary
Table S1), in a total volume of 50 uL per well. Cells
were incubated for up to 1 hour at 4°C in the dark with
a panel of fluorochrome conjugated antibodies.
Samples were then washed twice in FACS buffer and
resuspended in up to 200 uL for acquisition (with
DAPI (Biolegend)).

Where primary and secondary antibodies were
used, cells were first stained with the primary antibody
as described above, washed twice in FACS buffer, and



stained with secondary antibody for a further 30 min.
Instances where Fc block (BD Biosciences) was used,
2.5 ug/1x10° cells was added for 10 min prior to sur-
face antibody incubation.

Abbreviations

ApoE3  Apolipoprotein E 3

AS Ankylosing spondylitis

CCR4  C-C chemokine receptor 4

DNA  Deoxyribonucleic acid

ECL Extracellular loop

ELISA  Enzyme-linked immunosorbent assay
FDA Food and Drug Administration
GFP Green fluorescence protein

GPCR  G-protein coupled receptor

HEK Human embryonic kidney 293 cells
ICL Intracellular loop

MAIT  Mucosal-associated invariant T cell
mRNA  Messenger ribonucleic acid

NK cell Natural killer cell

PBMC  Peripheral blood mononuclear cells
PCR Polymerase chain reaction

scFv Single chain variable fragment

VHH  Single variable domain on a heavy chain

WT Wild type

Note

1. CD4+ T cells = CD3+, CD4+
MAIT cells = CD3+, CD8+, CD161+, Va7.2+
CD16+ NK cells = CD3-, CD56+, CD16+
B cells = CD3-, CD19+
Classical monocytes = CD3-, CD14+, CD16-
Intermediate monocytes = CD3-, CD14+, CD16+
Non-classical monocytes = CD3-, CD14-, CD16+
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ABSTRACT

Foot-and-mouth disease (FMD) is an acute, highly contagious, and economically devastating viral
disease of domestic and wildlife species. For effective implementation of FMD control program,
there is an imperative need for developing a rapid, sensitive, and specific diagnostics which help
in the identification of serotypes involved in the outbreaks. The humoral immune response of the
Camelidae is unique since in these animals 75% of circulating antibodies are constituted by
heavy-chain antibodies and 25% are conventional immunoglobulin with two identical heavy
chains. In the present study, we developed and characterized FMD virus-specific single-domain
heavy-chain antibodies (VHHs) against inactivated whole-virus antigens of FMDV serotypes O
(INDR2/1975), A (IND40/2000), and Asia 1 (IND63/1972) vaccine strains. After six rounds of
panning and enrichment, these VHHs were stably expressed in Escherichia coli cells. The VHHs
directed against outer capsid proteins of FMD virus were successfully utilized as the capture
antibody in liquid-phase blocking ELISA (LPBE) thus replacing rabbit coating antibodies. Our
study demonstrated the utility of FMD virus-specific VHHs as potential candidates in FMD
research and diagnostic application.

Abbreviations: 2XYT: Amp-Glu medium; CDR: complementary determining regions; DAS-ELISA:
double-antibody sandwitch ELISA; FR1: framework region 1; FR2: framework region 2; LB agar: Luria
Bertani agar; OPD: Orthophenylene-diamine dihydrochloride; PBS: phosphate-buffered saline; PBST:

KEYWORDS
ELISA; FMDV; heavy-chain
antibodies; immune library

phosphate-buffered saline with Tween20; SMP: skimmed milk powder; TRX: Thioredoxin tag

Introduction

Foot-and-mouth disease (FMD) is a highly contagious
and economically devastating viral disease of diverse
artiodactyls species like cattle, buffaloes, pigs, sheep,
goats, elephants, and more than 30 wild ungulates. It
constitutes one of the main animal health concerns.
Apart from direct losses, FMD indirectly hamper
national and international trade and by decreasing the
value of animal products. For effective implementation
of FMD control program (FMD-CP), there is a require-
ment for prompt, sensitive, and specific laboratory
diagnosis. The variable heavy-chain antibody fragments
(VHHs) found only in camels, llamas, and shark (1) are
being explored for diagnostic and therapeutic applica-
tions. The VHH consists of two heavy chains and devoid
of light chains and CH1 domain found in conventional
antibodies. The VHHs have distinct advantages over
other recombinant fragments such as Fabs and scFvs,
which include higher thermostability, solubility, and

smaller size required for effective cell penetration (2).
The VHH can be produced through easy one-step
cloning as a single polypeptide chain of size < 15 kDa.
The characteristic properties of VHHs can make
the detection system based on them more specific and
user-friendly pertaining to its stability, ease of
production, and simplification of techniques for large-
scale serosurveillance and seromonitoring toward
FMDYV control. The study was designed with the objec-
tive of development of VHHs specific to three FMD
virus serotypes (O, A, and Asial) endemic to India
and exploiting them in ELISA-based diagnostic test to
replace conventional rabbit serum as a coating antibody.

Materials and methods
Blood collection and lymphocyte separation

Approximately 100 ml of blood samples was collected in
heparinized vacutainer from three ~4-year-old female

CONTACT Lipsa Dash @ drdash.lipsa@gmail.com @ ICAR-Directorate on Foot and Mouth Disease, Mukteswar, Nainital-263138, Uttarakhand, India.
Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/labt.
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camels (Camelus dromedarius) immunized with FMDV
serotype O (INDR2/75), A (IND40/00), and Asial
(IND63/72) whole-virus antigen. The animals main-
tained at an organized camel herd were tested to
be negative for FMDV-nonstructural protein antibody
(DIVA negative). The peripheral blood mononuclear
cells (PBMCs) were separated from blood using
Histopaque-1077 (Sigma-Aldrich, USA) centrifugation
method as per the protocol (3).

Amplification of VHH

Total RNA was extracted from the PBMCs using Trizol
reagent (Sigma-Aldrich, USA) and mRNA was
separated from the total RNA using Oligotex mRNA
purification kit (Qiagen, Germany) as per the
manufacturer’s instructions. ¢cDNA was synthesized
from approximately 2 ug of mRNA from each camel
in 25 pl reactions using Superscript II reverse transcrip-
tase enzyme (Invitrogen, USA) and OligodT (12-18)
primer. The VHH gene segment was amplified by Hi-Fi
Platinum Taq (Invitrogen,USA) using nested PCR
(Fig. 1) as a protocol detailed earlier (4).

Cloning and library construction

The amplified product with inbuilt restriction site (PstI
and Notl, NEB Biosciences, USA) was cloned in
phagemid expression vector pMECS (kindly gifted by
Dr. Muyldermans). The ligated product was chemically
transformed into the competent Escherichia coli TGl

= 1kb

500bp

T—>750bp 200bp

(@ (b)

Figure 1. Nested PCR strategy for amplification of VHH
segment. (a)This figure represents the amplification products
of the 1st strand ¢cDNA PCR containing fragments with two
different sizes. Lanes 1 and 2: Outer PCR amplification of
900 bp region of VH-CH1-Hinge-CH2; 750bp region of
VHH-short Hinge of 1gG2-CH2 and complete VHH segment with
long hinge of IgG3 and part of CH2. Lane 3: 1kb molecular
marker (Thermo scientific U.S.A), and (b) Lanes 1 and 2: Inner
PCR amplification of 400 bp VHH only. Lane 3 100 bp molecular
marker (Thermoscientific, USA).

cells (Stratagene) and positive colonies were selected
by plating onto the LB agar plates containing ampicillin
and glucose. The libraries of positive colonies were
generated as per method described earlier (5).

Selection of phage displayed VHH

Precipitated phage particles were titrated and subjected
to panning against purified FMDV serotype O, A, and
Asial vaccine strains. Antigens were coated overnight
at 4°C in 96-well flat-bottomed immunoplates (NUNC-
MaxiSorp, Denmark) at a concentration of 100 pg/ml
using 50 mM sodium carbonate buffer, pH 9.6. The
plates were blocked with 2% SMP in PBST at room
temperature for 2 h washed thrice with PBS before the
addition of 3 x 10'* phages for the first round of pan-
ning. After 90 min of incubation at room temperature,
the wells were washed 10 times with PBS 0.05% Tween,
bound phages were eluted with 0.1 M triethylamine
(Sigma-Aldrich, USA), pH 11.0. Eluted phages were
titrated, used to infect TG1 cells and plated on 2XYT
ampicillin, glucose agar plates. The same complete
procedure was repeated for four rounds of panning.
In each round of panning, the enrichment of the phage
sublibrary obtained was calculated as the ratio of out-
put/input phages. The periplasmic extract of 96 single
individual colonies of bacteria for each antigen, picked
randomly were screened using periplasmic extract
ELISA (PE-ELISA) for checking the reactivity. For this,
FMDV serotypes O, A, and Asial of purified 146S par-
ticle were coated onto 96-well microtiter plates and were
incubated overnight at 4°C. The plates were blocked
with PBST buffer (5% skim milk, 10% E. coli lysate with
0.05% Tween 20) at room temperature for 1h. The
periplasmic extracts were then added to the plates and
incubated for 1h at room temperature. After this
incubation period, mouse anti-His tag antibody (GE
Healthcare, USA), at a dilution of 1:2000, was added,
followed by antimouse horseradish peroxidase conju-
gate (Dako, Denmark). The reaction was developed with
OPD and H,0, substrate and was stopped with 2.0 M
sulfuric acid. The optical absorbance was measured at
492 nm.

Sequencing of VHH library

The nucleotide sequencing was performed using VHH-
specific forward and reverse primer in AB13130
capillary sequencer (Applied Biosystems) for the selec-
ted clones. The deduced amino acid sequences were
aligned using Clustal W to detect variations within the
CDR regions of the VHH.



Optimization of expression of VHH in
prokaryotic system

For expression of VHHs, one clone each of serotypes O,
A, and Asial which showed strong reactivity in PE-
ELISA were chosen and cloned into pET32 expression
vector and into Rosettagami(DE3) pLacl E. coli cells
(Novagen). Trx-His-tagged VHHs were expressed by
induction with 1 mM IPTG at 28°C for 6 h. His-tagged
VHH was expressed by the addition of 1 mM IPTG at
28°C for 6h. Expressed fused VHH was purified on
NiNTA column (Qiagen, Germany) and was analyzed
on 15% SDS-PAGE.

Utilization of VHHs as coating antibody

The expressed VHHs were tested in DAS-ELISA to
check the level of cross-reactivity as well as to finalize
the optimum concentration to be used as coating
antibodies by checkerboard titration against respective
antigen. For this, 96-well microtiter plates were coated
with different concentrations of recombinant anti-
1468 type-specific VHHs against FMDV O, A, and Asia
1 in coating buffer (carbonate/bicarbonate, pH 9.6) in
50 ul volumes. Coated plates were then kept at 4°C over-
night. Inactivated FMDV serotypes O, A, and Asial
viral antigens at a fixed concentration were added into
the wells. For tracing the bound antigen, three FMDV
serotype-specific guinea pig antisera were added to the
corresponding wells including positive controls. The
HRP-conjugated rabbit anti-guinea pig HRP IgG (Dako,
Denmark) was added to all wells. After colorimetric
reaction with OPD as a substrate, the reaction was
stopped with 2.0 M sulfuric acid, and the absorbance
was measured at 492 nm. After initial standardization,
the recombinant VHHs were used as the capture
antibody in liquid-phase blocking ELISA (LPB-ELISA)
user for seromonitoring and serosurveillance of FMD
in India (6). The aim was to replace the type-specific
rabbit antibodies used in LPB-ELISA for capturing
FMDYV antigen with the recombinant VHHs. The assay
was validated by screening bovine serum samples
(n=1023) simultaneously in the modified and
standard LPB-ELISA. The samples were taken from
National FMD Virus Repository. The samples con-
sisted of bovine samples of NDRI, Karnal where the
cattle herd which was well maintained and vaccinated
had an outbreak in 2012, serum samples were collected
within 7 days of outbreak. Random bovine serum
samples (n=1023) of age 2 years and above which
were earlier tested by in-house LPB ELISA protocols
of known status were subjected for DAS ELISA for
validation of the test.
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Results and discussion

The aim of this current study was to isolate higher
affinity VHHs to FMDV serotypes O, A, and Asial
structural proteins (146S particles) by constructing an
immune phage-displayed VHH library. Thus, these
recombinant VHHSs can replace the conventional rabbit
the capture antibody in ELISA-based
diagnostic assays.

serum as

Immunization of camels

The immunized camels generated polyclonal response
against BEI-inactivated FMDV 146S particles. After
third booster on 49th day, the serum titers were
>1:2048, >1:1024, >1:4096, respectively, for FMD virus
serotypes O, A, and Asial.

Generation of library

The mRNA extracted from PBMC was subjected to
nested PCR amplification to obtain VHH segment
(Fig. 1). The 400 bp amplified products were cloned in
pMECS phagemid vector to develop VHH library.
Following amplification and cloning of the VHH gene
repertoire into the pMECS phagemid vector, the ligated
product was transformed into the freshly prepared
electrocompetent cells of E. coli TGl strain by
electroporation to maintain and propagate the library.

Phage selection by panning

Screening of phage display libraries is usually done by
an affinity selection (or biopanning) during which
phage populations are exposed to targets to selectively
capture binding phage. There was enrichment of anti-
gen-specific phage antibodies directed against FMDV
after only two rounds of panning while the majority
of enrichments occurred during the third and fourth
rounds of panning. Variable levels of enrichment were
noted during sequential rounds of biopanning. More
the rounds of panning, diversity decreases, but specific
VHH population increases, thus six rounds of panning
were performed to select VHHs with higher affinity or
to bias the selection to a specific epitope of interest
for all three proteins (5).

Screening of antigen binders

In PE-ELISA, the colony was considered positive only if
the absorbance in the antigen-coated well was at least
twofold that of the noncoated negative control well.
After three rounds of panning, the PE-ELISA showed
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good binding signal and about 60-70% of individual
phage clones showed specific binding to serotypes O,
A, and Asial antigen thus indicating enrichment for
various FMDV binders. Overall, 17 colonies corre-
sponding to serotype O, 26 for serotype Asia 1, and
27 for serotype A showed reactivity in PE-ELISA,
divided into groups as strong, medium, and weak
positives with respect to their absorbance intensities.

Sequence diversity

The nucleotide sequences of VHH were determined
from 52 clones which were PE-ELISA positive to deter-
mine the quality and heterogeneity of the library. The
nucleotide blast analysis using the blast tool of NCBI
showed several sequence hit with available VHH
sequences mostly in the FR region. At the end of the
third round of panning, diverse VHH sequences for
each FMDV serotypes were observed (data not shown),
while fifth and sixth rounds of panning were required to
generate less diverse sequences more specific to capsid
proteins of FMDYV serotypes (Table 1). In the case of
serotypes O and A, the CDR1 comprised seven amino
acids in all the clones sequenced. Further, serotype O
clones showed no variations in CDR1. But in serotype
Asial, 60% of the clones had seven amino acids length
CDRI1 and in 40% of the clone it was found to be ten
amino acids. The CDR2 of serotype O and A comprised
eight amino acids and it varied from 7 to 8 amino acids
in serotype Asial. Similarly, CDR3 consists of 17 amino
acids in serotype O, 15 and 20 amino acids in serotype
A, and 15 and 18 amino acids in serotype Asial. It is
to be noted that the average length of CDR3 in heavy-
chain antibody is 16-18 amino acids. The CDR3 is con-
sidered to be the main contributor of antigen binding. It
is also known that a longer loop length increases the
paratope repertoire.

The hallmark substitutions established in the VHHs
compared to the conventional VH at position 37
(F/Y), 44 (E), 45 (R/C), and 47 (G) in FR2 (7) are found
to be F/V, E/D, R/H, and G/A, respectively, in the
FMDV-specific clones. These residues in conventional
VHHs form a hydrophobic surface association with
VL and normally changed to hydrophilic residues in
VHHs, such changes are believed to contribute to the

Table 1. The amino acid sequence of CDRs of serotypes O, A,
and Asial VHH binders isolated after 6th round of panning.
FMDV CDR1 CDR2 CDR3
Serotype O STANIYN QSISGALN  AARRGWAPSLSAYAYNY
Serotype A NTYRRYC NSAEGSTD  ALDGELSFAECRVGTTNFDY
RPIGNFY NTEDGATY  ATGRSLSFNSGSWRY
Serotype Asial  DTFSNYC KDGSATY  TFGIGSWCEFSTYDY
DAASTASTYC  SRGGGATY  AAGPLVSSCDYRYRAYTH

better folding and the solubility behavior of VHH.
The characteristic serine residue at position 11 in FR1
was found conserved in all the sequences analyzed in
the study. This substitution is considered as an adap-
tation to accommodate the absence of CH1 domain in
camel VHH. The cysteine residue in FR1 at position
22 and FR3 at a variable position that form the charac-
teristic disulfide bond was found fully conserved in all
the sequences analyzed. The disulfide bonds between
these cysteines that cross-link the antigen binding loops
are believed to have a role in increasing the paratope
repertoire (8).

Expression of VHH in prokaryotic system

Expression of VHH rescued from the library was
optimized in prokaryotic system using pET32
expression system. The constructs VHH-pET32 trans-
formed in Rosettagami(DE3)Placl for optimum yield
of soluble VHH proteins on induction. Clear band
was observed at 35kDa that includes 15kDa VHH
tagged with TRX (Fig. 2a). The His-Trx-fused VHH
could readily be purified using metal affinity chromato-
graphy method and was confirmed by Western blotting
using anti-Histidine monoclonal antibodies (Fig. 2b).
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Figure 2. (a) Western blot and SDS-PAGE analysis of recombi-
nant VHHs. Recombinant VHHs in pET 32 confirmed by western
blot. Lane 3: puregene-prestained protein ladder. Lane 1, 2:
serotype O VHHs, lane 4: serotype A VHHs, lanes 5 and 6:
serotype Asial VHHs (expected size of 32 kDa). Lane 7: unin-
duced Escherichia coli Rosettagami DE3pLacl, and (b) SDS-PAGE
after Ni-NTA purification where 15kDa recombinant VHH is
appreciated. Lanes 1 and 2: first flow-through of IMAC for
K233, lane 3: first flow-through of IMAC for M101, lanes 4 and
5: first flow-through of M99 (expected size of 15 kDa). Lane 6:
unstained protein ladder (Thermoscientific, USA).
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Figure 3. Optimization of recombinant VHH protein directed against FMD virus serotypes O, A, and Asia 1 for coating which was
fixed at 100 ng/well concentration where the ODyo, lied between 2.0 and 2.3.

The expression tag hinders refolding under oxidizing
environment of recombinant scFv antibody, whereas
VHH has been demonstrated to retain its three-
dimensional structure and biological activity due to
single chain even after expression in the cytoplasm of
E. coli cells (1,9).

Utilization of VHH as coating antibody

The cross-reactivity check followed by optimum
concentration of VHHs to be used for coating was
determined by checkerboard titration. The result was
plotted graphically to estimate the quantity of proteins
required for coating. Figure 3 depicts the cutoff point
which was fixed at 100 ng/well for all three serotypes
(serotype O, A, and Asial). Further for the use of VHHs
in LPB-ELISA, few minor changes were made in the
existing protocol. The blocking buffer used was modu-
lated a bit consisting of lactalbumin hydrolysate 3%,
newborn calf serum 5%, and healthy camel serum 5%
in PBST. A serial twofold dilutions of test serum are
mixed with equal volume of a preoptimized constant
dose of viral inactivated antigens in a liquid medium
and allowed to react overnight at 4°C (6). Next day,
the antigens, which are not completely blocked by the
antibodies in the test serum, are trapped in the wells
of the ELISA plates by the precoated type-specific
VHHs. Antigen, negative and background controls are
added containing antigen with PBS, antigen with
healthy serum and blocking buffer, respectively. Subse-
quently, the presence of antigen is traced by adding
pretitrated type-specific guinea pig serum and anti-
guinea pig-HRPO conjugate. The dilution of guinea
pig serum was optimized at 1:6000 for serotypes O
and A, and 1:3000 for serotype Asial. The anti-guinea

pig conjugate was used at dilution 1:2000. The plates
were developed using substrate (OPD + H,0,) and
the reaction was stopped after 15 min with 1 M H,SO,
and measured in terms of optical density (OD) at
492 nm wavelength with reference to 620 nm.

Recombinant VHHs developed in this study can
suffice the need of coating antibody without
compromising the specificity and sensitivity of the test.
To compare the performance of VHH-based LPB-
ELISA and routine LPB-ELISA, 1023 serum samples
obtained post outbreak were tested in both. A corre-
lation was drawn taking the ODyy, values into consider-
ation. Pearson correlation coefficient was high for
serotype A (0.91) followed by serotype O (0.86)
followed by serotype Asia 1(0.82). Spearman’s rank
coefficient further depicted that the correlation was
higher for serotype A (0.93) followed by serotype Asia 1
(0.92) followed by serotype O (0.90).

In conclusion, the developed LPB-ELISA using
bacterially expressed anti-FMDV-VHHs have high
correlation with that of standard LPB-ELISA. Though
these recombinant VHHs have potential application in
ELISA, eptiope characterization of VHHs is essential
to explore its use fully as a capture antibody in place
of rabbit coating antibody. Study requires further
validation by testing more number of serum samples.
The study also showed that recombinant VHH pro-
duction will help in increasing batch uniformity and
decrease in the cost of sample testing (10). The biophy-
sical characteristics make them appealing about being
used in affordable and user-friendly diagnostic system
(i.e., paper-based dipstick assay or filtration device).
Ultimately, this study paves the way for the develop-
ment of such paper-based devices which could demon-
strate the practicality of an instrument-independent
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method for visual detection of FMDV under various
circumstances on-site.
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Structural and biochemical properties of VHH antibodies

VHH antibodies, also known as single domain antibodies (sdAb) or heavy-chain
antibodies (hcAb), are a monomeric variable antibody domain. The variable domains
have a molecular weight of approximately 15kDa (about 10% that of conventional
antibodies) and in nature are unique to camelids, including llamas and alpacas. VHH
antibodies are found in the IgG2 and IgG3 subtypes which evolved without a CHI
domain and consist of a VH binding domain, extended hinge, and CH2 and CH3
domains (Figure 1). Recently, the advantages of VHH have become apparent in
research, diagnostic, and therapeutic applications.
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Figure 1. Comparison of canonical IgG molecules, hcAb camelid IgG molecules,
common Fv formats Fab and scFv, and the monomeric VHH domain.

VHH antibodies exhibit unique characteristics in terms of framework and
complementarity-determining regions (CDRs). The three complementarity determining
regions (CDRI, CDR2 and CDR3) form the antigen-binding paratope. CDR1 and CDR2
have canonical structures and are found in the variable (qv§ region. CDR3, which has a
non-canonical conformation, includes some of the V region, all of the diversity (D, heavy
chain only) and joining (J) regions, and a piece of the constant (C) regions. While VHH
domains lack VH-VL combinatorial diversity, the hcAb fragments have a longer CDR3
than either human or mouse VH antibodies and show lower conservation in the
hypervariable regions. Compared with conventional camelid VH, llama VHHs differ by
four amino acids in the FR2; positions (37, 44 45, and 47). In the conventional VHs, these
FR2 amino acids were conserved during evolution and are involved in forming the
hydrophobic interface with the VL.

The CDR1 and CDR2 regions also show increased variability. Germline VHH antibodies
have a conserved Cys22 and Cys92 disulfide bridge in all Ig domains, which provides
stability, induces canonical Ig-like folding, and induces constrains in the orientation of
the relationship between CDRI and CDR3 regions. Combined, this allows VHH domains to
evolve several novel binding modes to antigens that may be inaccessible to VH-VL
binding. A common and high-value binding conformation would allow for CDR3 of the
VHH to protrude beyond the typical interface and binds to clefts or grooves on a protein;
this unique binding mode is particularly valuable in inhibition of enzymes or
membrane-bound sites.

The hydrophilic nature of the VHH framework, in contrast to the hydrophobic VH
framework, reduces the inclination for VH-VL mispairing in bispecific constructs. This
characteristic causes the CDR3 of VHH antibodies to fold over onto the hydrophilic
region, increasing stability.

© 2023 Fortis Life Sciences, LLC
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Figure 2. Overview of the Abcore immune library workflow, from injection and isolation
to phage display library.

Immunized VHH Library Construction and Panning

Immunization allows for endogenous affinity maturation processes to take place within
the animal. Typical antigen is protein-based with the addition of adjuvant, but
nanoparticles, liposomes, VLPs, whole cells, or genetic material has also generated
robust immune responses in camelids. The process of constructing and panning
immunized VHH libraries involves RNA isolation and cDNA amplification of llama
peripheral blood mononuclear cells (PBMCs).
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Figure 3. DNA library cloning. Many unique sequences are represented in one pool.

PCR amplification of the cDNA allows for isolation of the VHH band; due to sequence
homology, the VH band and CHI region are also amplified, but a purification step allows
VHH product to be isolated (Figure 2). Additional PCR amplification steps depend on the
vector being used, such as inserting the VHH library into yeast-displayed or
phage-displayed fusions. Briefly, a molecular target is fixed to plates. Most commonly,
protein is adsorbed onto polystyrene or biotinylated protein is bound to
streptavidin-coated beads. Phage pools are added to the plates, and then unbound
and weakly-binding phage are washed away. The remaining phage are eluted and
amplified in bacteria, and the entire process is repeated multiple times to enrich for
higher-affinity binding sequences (Figure 4).
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Synthetic VHH Libraries

Recent advancements have led to the development of high-quality commercial
synthetic libraries for naive humanized sdAbs. Advantages of synthetic libraries include
diversity control in CDR regions, such as partially-degenerate codons, and the ability to
tie in computational prediction methods with the diversification process, such as
PyRosetta or AlphaFold pipelines. Synthetic libraries have difficulty sampling different
lengths in CDR3, which is a major contributor to the diversity of binding mode in VHH
interaction. Synthetic library sizes are determined in the design phase and typically
range in diversity from 1E7 tolE10 unique members.

VHH An overview of synthetic VHH library design and construction

Focused,
synthetic library

T
il = §

' Framework
VHH
Frameworks with
humanized or

targeted applications

High affinity VHH

Figure 5. Synthetic VHH library design and construction.

Considerations for selecting VHH over conventional antibodies

Advantages of VHH Antibodies

1. Smaller size: The smaller size of VHH antibodies allows better access to antigen
epitopes that may otherwise be inaccessible to larger antibodies. The smaller
molecular weight of VHH antibodies changes several biophysical characteristics
related to tissue perfusion and membrane permeability. Limited evidence also exists
for an adsorptive endocytosis allowing for cell penetration and the potential to cross
the blood-brain barrier.

2. Thermostability and pH stability: Compared with conventional antibodies where the
paratopic interface between VL and VH is stabilized by hydrophobic residues in the
FR2, hcAbs have evolved hydrophilic residues that are often charged in llama VHHs.
VHH domains have less complex folding patterns than conventional antibodies, and
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some VHH clones recover markedly better from denaturing conditions or heat shock
than IgG molecules.

3. Simplified workflow: VHH antibodies simplify the discovery workflow as they do not
require any crossed or paired workflows in cloning, expression, or assay projects. This
single-domain advantage extends to functionalization workflows such as labeling
and conjugation.

4. Modulation of binding valency: VHH antibodies can be engineered for a
non-canonical binding valency depending on the desired functionality, such as
activation, clustering, blocking, and specificity to multiple targets. Bivalent and
tetravalent technologies exist as well as bispecific and trispecific recognition motifs.
These technologies have emerging roles in therapeutics, synthetic biology, and
diagnostic technologies.

Disadvantages and Limitations of VHH Antibodies

1. Requirement for llamas or alpacas: Generating immunized libraries of VHH
antibodies requires the housing and care of llamas or alpacas, leading to higher
costs and space requirements compared to mouse models.

2. small interface size: Due to the single-domain nature that imparts so many unique
advantages, VHH antibodies exhibit lower affinity in binding to small antigens and
peptides. This is most frequently due to a lower total buried surface area in the
complex and may be addressed by engineering valency or affinity
maturation techniques.

3. Possible anti-drug antibody (ADA) effects: Even with humanized VHH antibodies, the
CDR3 loops themselves contribute more to immunogenicity than the innate
framework residues, leading to potential ADA effects.

4. Short serum half-life and rapid clearance: VHH antibodies have a shorter serum
half-life and are rapidly cleared. This limitation can be overcome through half-life
extension modifications. In therapeutic contexts, however, this is less commonly an
issue due to the fusion of VHH domains to a larger domain to trigger recognition such
as an Fc domain.

5. Structural integrity and stability: Due to the limited total size, VHH antibodies have a
maximum tolerance for manipulation in some binding modes. The smaller domain
limits the number of first- and second-shell residues that may be engineered for
improvements in affinity or specificity campaigns.

Conclusion

The unique features of VHHSs, including that they are: small; soluble; high affinity;
thermostable; and have high expression yields in multiple systems, make them the ideal
tool for a variety of applications including research, immunotherapy, diagnostics, in vivo
imaging of tumors, and synthetic biology.

About Abcore

Abcore is an industry leader in VHH discovery and custom antibody production located
in sunny Southern California, USA. Abcore has developed a complete single-domain
antibody platform based on antibody discovery via phage display and has made a
variety of naive and immunized phage display libraries that can be used for
animal-free antibody discovery. Abcore offers a breadth of services across custom
polyclonal, monoclonal, recombinant, and single-domain antibody production and is
the largest camelid facility in the United States. As an established CRO, Abcore has
worked with some of the world's largest biotechnology and pharmaceutical companies.
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