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Impact statement

The development of novel antibody for-
mats, beyond conventional antibodies,
opens new possibilities in medical
therapies, diagnostics, and general life
science applications requiring affinity
reagents. The camelid VHH domain, from
heavy-chain-only antibodies, has emerged
as a jack-of-all-trades module for novel
affinity reagents. Applications include tar-
geted cancer therapies, novel antimicrobial
agents, conformation specific reagents,
and tailor-made molecular switch entities.
The breadth of unique uses for the VHH will
continue to grow, opening new opportuni-
ties to treat and understand disease.

Abstract

Since their discovery just over 25 years ago, the single variable domain from heavy-
chain-only antibodies plays a role in an increasing number of antibody-based applications.
Structural and biophysical studies have revealed that the small, ~15kDa, single variable
domain found in camelids displays versatility in target recognition. Such insight has served
as the foundation to develop and engineer VHH domains with enhanced properties capable
of targeting a range of therapeutically relevant protein antigens or low-molecular weight
haptens. Furthermore, the modular nature of VHH domains allows them to be introduced
into constructs that are simply not possible with conventional antibodies. Here, we review
the structural and biophysical properties of VHH domains, highlight recent VHH-based
therapeutics and diagnostics, and provide insight into VHH engineering that may pave
the way to next-generation single domain antibody applications.
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Introduction

Beyond their role in the immune response, antibodies serve
as important tools for a range of life science applications.
Their high affinity and specificity for a target molecule
make them excellent affinity reagents for use in therapeu-
tics and diagnostics. FDA-approved monoclonal antibodies
have been used to treat a wide range of medical conditions
(e.g. cancers, anthrax, asthma, Crohn’s disease, and multi-
Furthermore, the relative simplicity in
raising antibodies against biomarkers of interest allows
the routine use of antibodies in medical diagnostics, such
as point-of-care influenza testing. These applications have
evolved to include non-conventional antibodies, such as
antibody fragments and hybrid variants, which can pro-
vide advantages not possible with traditional antibodies.
Camelidae (e.g. camels, dromedaries, and llamas)
heavy-chain-only antibodies, a class of antibodies devoid
of light chains, break the mold of conventional antibody/
antigen architecture. These heavy-chain-only antibodies
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possess a single variable domain, termed VHH, that is
responsible for antigen recognition.” As compared to con-
ventional VH/VL antigen binding interfaces, a single VHH
domain possesses a drastically reduced antigen binding
interface, as only three hypervariable loops (H1-H3) are
present.” Despite the reduced interface surface area, VHH
domains commonly show binding affinities that are com-
parable to conventional antibodies.*

Structural studies have revealed that the single vari-
able domain from heavy-chain-only antibodies is quite
versatile in target recognition. Such structural insight
has served as the foundation to develop and engineer
VHH domains with enhanced properties capable of tar-
geting a range of therapeutically relevant protein antigens
or low-molecular weight haptens. Here, we discuss the
structural and biophysical properties of VHH domains,
provide examples of recent VHH-based therapeutics
and diagnostics, and review current strategies for novel
VHH engineering.
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Physiochemical properties of VHH domains

The most notable feature of the VHH domain from heavy
chain-only antibodies is its small size. With a size of
approximately 15kDa, the camelid single domain repre-
sents one of the smallest, naturally occurring antibody
binding units. The other example comparable in size is
the IgNAR domain found in heavy chain-only antibodies
from cartilaginous fish (e.g. shark), which possess similar
properties to the VHH domain, likely stemming from con-
vergent evolution.”® The autonomous nature of the sole
VHH domain is believed to originate from several residue
substitutions within framework (FW) 2 (Figure 1),” includ-
ing V37F/Y, G44E, L45R, and W47G (Kabat numbering).
These residues reside within what would be the VL
interface of a conventional VH domain.® Consequently, the
residue substitutions are believed to help enhance solubili-
ty/stability in the absence of a light chain.” Another struc-
tural distinction between VHH and VH domains is the
unusually long CDR3 loops typically found in VHH
domains (Figure 1).'°'® The extended CDR3 found in
many VHH domains has been observed to participate in
intramolecular interactions with the VHH framework that
would otherwise interact with VL domains. Consequently,
CDR3 can serve as a surrogate for the VL domain."*"*>
Structural studies have revealed details about how VHH
domains remain soluble as single domains, along with their
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Figure 1. Unique structural architecture of VHH domain antibodies. (a) Cartoon
representation of a camelid immunoglobulin depicting the two heavy chains
(blue) with the variable domains, VHH, the constant domains CH2 and CH3 and
absence of the constant domain CH1 and the light chain (gray with dashed lines).
(b) Two-dimensional representation of the VHH structure illustrating the canon-
ical nine immunoglobulin § strands comprising the framework regions (FR1
through FR4) and CDR 1 (green), CDR2 (orange), and CDRS3 (red). The locations
of the four hallmark mutations in VHH domains are colored in yellow. (c)
Comparison of VHH (left, PDB ID 2XA3) to a variable fragment (Fv) of conven-
tional antibody (right, PDB ID 5IBU) with a long CDR3. The antigen binding
paratope created by the CDRs (Kabat definitions) is illustrated in a surface rep-
resentation of looking down (Top) and a side view ribbon diagram (Side). Light
chain of the Fv is depicted in gray with the CDRs (one through three) shown in
purple. (d) Ribbon representation of an anti-PD-L1 VHH (PDB ID 5JDS) with a
long CDR3 loop containing an intramolecular disulfide between CDR1 and CDR3
(dark gray). CDRS folds back along FR2 with the positions of the hallmark four
mutations; backbone atoms rendered in yellow spheres. Crystal structure figures
were generated using the MOE software from the Chemical Computing
Group.”(A color version of this figure is available in the online journal.)

Applications and engineering of single domain antibodies

method of interacting with antigen targets. Much like their
conventional antibody counterpart, VHH domains typical-
ly rely heavily on CDR3 for interactions with antigens.
Notably, an elongated CDR3 loop provides VHH signifi-
cant versatility in its ability to interact with target mole-
cules. Unlike conventional antibodies, VHH domains
have been observed to interact with antigens in protrud-
ing/extended conformations (Figure 2),'® which allow the
antibody to bind protein clefts/pockets, including enzyme
active sites.">”'® In addition, the CDR3 loop can produce a
structurally flat paratope using CDR1/ 3, CDR1/2/3,%°
and CDR2/3/FW,?! with some possessing more convex>?
or concave® paratopes (Figure 2). An analysis of 90 non-
redundant VHH/ protein antigen structures revealed that
VHH CDRs exhibit greater structural diversity than con-
ventional VH domains.**

While protein stability and reversibility are greatly
dependent on environmental conditions (e.g. pH, buffer,
salt, and protein concentration), VHH domains typically
possess high thermostability. In general, VHH domains
exhibit melting temperatures in the range of 50-80°C*?
and can remain functional after heating/cooling cycles,”
which makes VHH domains useful reagents for diagnostics
at elevated temperatures.”® Despite having a reputation as
being highly reversible after temperature melts, it is impor-
tant to note that complete thermodynamic reversibility is
likely a “best case” phenomena. Notably, the propensity of
a given VHH clone to aggregate, an issue particularly
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Figure 2. Versatility of the VHH antigen binding interface. VHH has been
observed to possess (a) penetrative; antigen: 52 adrenoceptor-PDB ID 3P0G,
(b) flat; antigen: RNase A-PDB ID 2P4A, (c) convex; antigen: Lysozyme-PDB ID
1ZVH, and (d) concave; antigen: GFP-PDB ID 3K1K paratopes. Colored surface
represents VHH residues within four angstroms of antigen (displayed in white
cartoon); CDR1-green; CDR2-orange, CDR3-red, framework-blue. Image gen-
erated using PyMol."®(A color version of this figure is available in the

online journal.)
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problematic for therapeutic applications, can be easily eval-
uated through multi-concentration temperature melt
experiments.”

Use of VHH domains in therapeutics

The use of antibodies as therapeutic agents stems from their
biocompatibility and high affinity/specificity for target
antigens. Since VHH domains share these properties,
along with possessing additional beneficial qualities,
VHH domains have been pursued as therapeutic modali-
ties. Currently, the Therapeutic Antibody Database
(https:/ /tabs.craic.com) lists more than 31 VHH-based
agents ranging from preclinical to clinical development.
VHH therapeutic interests include, but are not limited to,
oncology, inflammation, anti-viral, neurology, anti-
infection agents, and rare hematological disorders. In
February 2019, the FDA approved the first VHH-based
therapy, Cablivi® (Sanofi, formally Ablynx), for the treat-
ment of acquired thrombotic thrombocytopenic purpura.

VHH have advantages over conventional antibodies due
to their small size and robustness arising from their unique
physiochemical properties. Such properties include the
ability to express VHH in both prokaryotic and eukaryotic
expression systems, which can result in a lower cost of
goods (from discovery through manufacturing). The
single domain nature of VHH arises from a short encoding
gene (~360 bp). This small genetic footprint allows expand-
ed functionality through the creation of modularity via
genetic fusions to a wide-array of proteins, e.g. the creation
of multispecific antibody fusions.’**" Additionally, VHH
domains possess high sequence homology to human VH3
genes,” which may confer low immunogenicity for use in
therapeutic applications. Indeed, initial human trials of
an anti-Van Willebrand factor VHH for thrombotic throm-
bocytopenic purpura (TTP) reported low clinical immuno-
genicity.””> Nevertheless, despite the high sequence
similarity, strategies have also been pursued to humanize
camelid VHH domains.**

A caveat of using VHH domains for therapeutic appli-
cations is that the VHH hydrodynamic radius falls below
the glomerular filtration limit of the kidney, which may
result in rapid renal clearance, poor pharmacokinetics
(PK), and potentially limit therapeutic efficacy. Moreover,
VHHs lack the Fc region, which, on conventional Fc con-
taining antibodies, facilitates extended half-lives via FcRn
recycling. While in some instances this rapid clearance is a
favorable behavior (e.g. diagnostic imaging reagents), sev-
eral engineering strategies have been employed to elicit
more favorable PK. The facile creation of genetic fusions
with conventional Fc,>> VHH repeat domains (mono- or
polyspecific),*® serum proteins (e.g. HSA) and anti-serum
albumin VHH?” has been routinely employed to increase
both the size and PK profile. As an alternative to genetic
fusions and modularity, chemical approaches can also be
employed including PEGylation and lipidation for
improved half-life.***

The modular structure of VHH domains has opened
new opportunities for targeting disease, such as cancer*’
and viral infections.* For example, the VHH domain has

been explored in adoptive chimeric antigen receptor (CAR)
Tcell therapy targeting the HER2 antigen,*' as well as dual-
specific HER2/CD20 CAR that takes advantage of the small
modular VHH domain.** VHH constructs targeting viral
proteins, such as the influenza virus enzyme neuramini-
dase from H5N1* or the fusion protein F from human
respiratory syncytial virus (RSV)** have prevented viral
infection in mice. Laursen et al.*> took advantage of the
single VHH domain by generating multidomain VHH anti-
body variants that could target multiple influenza A and B
hemagglutinin epitopes. These unique anti-hemagglutinin
VHH domain fusion antibodies possess enhanced virus
cross-reactivity /potency and provide new frameworks
that may be applied to a broad range of therapeutic
applications.

Oral-based delivery of VHH domains

While monoclonal antibody therapeutics are traditionally
administered through intravenous or subcutaneous routes,
opportunities exist to deliver antibodies through other
routes, such as oral delivery. One such potential application
includes the prevention and/or treatment of digested bac-
terial pathogens. For such therapeutic uses, the antibody
must maintain function under gastrointestinal conditions.
VHH domains targeting Escherichia coli F4 fimbriae*® and
Campylobacter jejuni flagella®” have been
successfully engineered to possess increased protease-
resistance and stability at low pH for potential antimicro-
bial reagents. X-ray structures of VHH domains targeting
Internalin B from Listeria monocytogenes, the organism
responsible for the food-borne disease Listeriosis, suggest
that VHH domains may act as competitive inhibitors pre-
venting interactions with protein receptor c-Met, which
is required for bacterial internalization.?’ Finally, there
are promising results in the use of orally administered
VHH domains in place of conventional intravenous/
subcutaneous therapeutic antibodies in addressing
inflammatory bowel disease. A VHH targeting anti-tumor
necrosis factor (TNF) alpha, V565, penetrates disrupted epi-
thelium in IBD patients suggesting efficacy for IBD patients
where the mucosal epithelial barrier is compromised.*®

Diagnostics/small molecule detection

Antibodies generated against low molecular weight
ligands (i.e. haptens) can be used to detect and quantitate
molecules, such as environmental contaminants or medical
biomarkers. Conventional antibodies have been effective
frameworks for targeting haptens. Structural data have
revealed that hapten binding pockets in conventional anti-
bodies are typically located at the VH and VL interface,
where each variable domain’s CDRs produce a binding
cavity that allows significant surface area for interaction
with hapten targets.*” While there is extensive structural
data on VHH domains in complex with protein antigens,
less is known about how VHH domains may overcome the
lack of a VL domain in their interactions with haptens.
Despite only a handful of hapten/VHH structures, the
single domain architecture of VHH is quite versatile in
hapten recognition. The earliest structures, which involved
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two anti-hapten VHH domains targeting two different azo-
dyes (reactive red 1 and 6), revealed that haptens interacted
with the interface analogous to the VH domain from con-
ventional VH/ VL-hapten complexes.””” Despite the lack of
an adjacent VL domain, the hapten/VHH structures
revealed the extended CDR3 (and CDR2/3) are able to
form sufficient binding pockets for low molecular weight
hapten ligands (Figure 3). Notably, the observed binding
dissociation constant for anti-RR6 VHH was ~20nM,
although the affinity is likely enhanced due to two copper
ions within RR6 (a rather rare component for a hapten),
which interact with two histidine residues.”® An anti-
caffeine VHH,?® which was demonstrated to bind caffeine
in an unexpected 2:1 stoichiome’cry,‘r’l was observed to bind
caffeine in a matter analogous to conventional VH/VL
hapten-antibody complexes, where caffeine is sandwiched
between two VHH domains and their CDR3 loops.™
Structural studies of an anti-methotrexate VHH>® uncov-
ered a new binding pocket for hapten/ VHH interactions.*’
Structures of two different anti-methotrexate CDR graft
variants revealed a noncanonical hapten recognition site,
whereby methotrexate inserted itself under and through
the CDR1 loop (Figure 3). This “threading” of the ligand
under CDR1 resulted in significant hapten surface area
burial (~90%), which was greater than that found in
many conventional anti-hapten VH/VL antibodies, likely
contributing to the observed potent affinity (Kp ~5nM) and
specificity. In addition to intermolecular interactions

Figure 3. Example of observed binding pockets of anti-hapten VHH
complexes. The hapten interactions are found in the former VH/VL interface at
the convergence of CDR3, CDR2, CDR1 or, alternatively, under CDR1. Grey
sticks represent haptens from six hapten/VHH structures superimposed onto
anti-methotrexate VHH complex. CDR1-green; CDR2-orange, CDR3-red; grey
spheres-copper ions from reactive red dye RR6. PDB IDs (113U, 1QDO0, 3QXT,
5VL2, 5VMO, and 5VMS6). Image generated using PyMol."®(A color version of this
figure is available in the online journal.)
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between methotrexate and both CDR1 and VHH frame-
work residues, “CDR4,” the non-hypervariable loop that
is near the three CDRs, makes important energetic contri-
butions towards methotrexate binding. Interestingly, struc-
tures of three different VHH domains in complex with
triclocarban,>* an antibacterial /antifungal agent, as well
as structures of an anti-cortisol VHH cornplex,55 revealed
that the haptens bound the same tunnel beneath CDR1 as
found in the anti-methotrexate VHH. These results suggest
that the CDR1 “tunnel” may be a common mechanism for
VHH interactions and may serve as a template for design-
ing novel anti-hapten VHH domains.

Engineering a new generation of
VHH domains

VHH domain development

With growing interest in the use of single domain antibod-
ies for antibody applications, new methods to generate or
enhance the VHH scaffold have emerged. Despite the
single domain architecture, VHH domains have been ame-
nable to CDR grafting, one of the frequently used antibody
engineering approaches, where the binding affinity/
specificity from one VHH is transferred to another VHH
framework through substituting CDR loop residues.”*®
An exciting hybrid approach was successfully pursued by
grafting the CDRs from a conventional antibody VH
domain to a VHH domain, followed by affinity maturation
against the target molecule, ultimately resulting in a nano-
molar anti-fluorescein VHH.>

The tolerance of the VHH framework to accept CDR
grafts, while maintaining function, is a notable characteris-
tic for VHH development. Related efforts have explored
the development of universal scaffolds/frameworks that
possess high thermodynamic stability and expression
levels, along with modifications that allow the VHH
domain to maintain binding activity in reducing environ-
ments for intracellular use (i.e. intrabodies).>® The insertion
of a non-canonical disulfide within the VHH framework
can increase the protein’s melting temperature,®® and
is an easy to introduce modification that may increase
ambient shelf life, an important characteristic for potential
anti-toxin VHH therapeutics.”® Key residues have also been
identified within VHH domains for facile humanization for
therapeutic use.*

A common objective after the initial generation of an
antibody targeting an antigen of interest includes affinity
maturation, whereby one or more protein engineering
strategies are used to increase the antibody’s affinity for
the antigen, often resulting in the improvement of binding
constants by 10-fold or more. Typically, affinity maturation
of antibodies involves modifying the gene sequences encod-
ing the residues of the CDR loops to introduce or optimize
interactions (e.g., hydrogen bonds, salt bridges, van der
Waals) with the antigen. While various molecular biology
methodologies can be employed for non-targeted (e.g.
error prone PCR%) and targeted mutagenesis, such as degen-
erate oligonucleotides (e.g., hard" or soft®" randomization),
advances in DNA synthesis technologies have facilitated
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precise control of amino acid diversity (e.g. saturation muta-
genesis). Generation of mutant sequences can be accom-
plished through scanning and screening individual
residues one at a time or through varying multiple residues
simultaneously through combinatorial libraries and in vitro
display methods (e.g. phage, yeast, ribosome, etc.). More
recent review of such experimental methodologies has
been discussed by Tabasinezhad et al.®® and Lim et al®®
Furthermore, to complement experimental techniques, struc-
tural and computational techniques continue to emerge and
evolve to aid in the affinity maturation process.

Koide et al. provided evidence that the VHH framework
and antigen interface are suitable for affinity maturation.
Using a structure-guided, two-step library design/
selection approach, they produced an anti-RNase A VHH
variant possessing a picomolar dissociation constant with
an 100-fold enhancement over the original antibody.'® Tiller
et al.** utilized natural diversity mutagenesis and yeast dis-
play combined with high-resolution crystal structure and
computational modeling to improve the affinity of an anti-
alpha-synuclein c-terminal peptide binding VHH by more
than 5-fold. Cheng et al. employed homology modeling and
molecular docking to computationally affinity mature an
anti-CD47 VHH, Nb02, whereby the authors identified a
series of variants that improved the affinity ranging from
more than 3-fold to >87-fold. The lead VHH variant dis-
playing the >87-fold increase in affinity simultaneously
exhibited an increase in thermostability by more than 7°C.%

Development of synthetic VHH libraries

While immunization remains the most common approach
to produce conventional or heavy chain-only antibodies,
there is a growing interest in synthetic, or “test tube” anti-
body development. The ability to use synthetic libraries
with in vitro selection is advantageous for target antigens
that may be toxic, pathogenic, possess low immunogenicity/
conserved epitopes, or are just generally difficult to work
with. Synthetic antibodies and in vitro selection can even
be used to target specific conformations of antigens,®®
allowing not only structural insight, but energetic details
of conformational transitions in proteins.®” While synthetic
antibody libraries based on conventional Fab antibody
fragments have become routine, recent VHH-based syn-
thetic libraries are showing promise. While early synthetic
efforts explored distinct regions of the VHH antigen inter-
face, such as a synthetic phage display library that random-
ized the CDR3 loop68 of a universal VHH framework,®
more recent efforts by Zimmermann et al. developed a com-
bined ribosome and phage display approach that mimics
common VHH paratopes (e.g. concave, convex and loop/
protrusive) enabling the generation of conformationally
selective VHH domains targeting membrane proteins.®’
A synthetic library of humanized VHH domains was devel-
oped, termed NaLi-H1, which was capable of providing
highly functional VHH antibodies”’; however, access to
the synthetic library is only available through contract
work with the commercial provider.

The Kruse and Manglik labs have taken synthetic VHH
libraries a step further, with the development of a robust

yeast surface display platform.”" In generating this library,
the authors took a structure-based approach, using over 90
VHH structures to identify positions of variation in the
CDRs. This approach appears to have diminished the pop-
ulation of the library that does not fold into soluble VHH
domains, a known potential drawback of synthetic libraries
that can reduce the total diversity of clones that can be
sampled in the display approach (e.g. yeast and phage dis-
play). The synthetic library allowed the authors to identify
VHH domains capable of binding a range of antigens,
including soluble proteins, non-purified proteins and two
human G protein-coupled receptors (GPCRs). Notably, this
library has been deposited at Kerafast (Cat. No. EF0014-FP)
and is available to the non-profit scientific community for a
nominal fee.

Conformation specific VHH

A continually evolving application of VHH domains
involves facilitating both biological and structural studies.
Due to their small size, elongated H3 loops, array of para-
tope shape complementarity possibilities, and amenability
to synthetic library development (discussed above), VHH
show significant promise for their ability to stabilize anti-
gens in different functionally relevant conformations.
Consequently, the ability for VHH to stabilize GPCRs and
enable conformation specific structural determination has
provided invaluable insight into GPCR function.”
Rasmussen et al. identified a llama-derived VHH, termed
Nb80, which stabilized the active conformation of the f52
adrenergic receptor (f2AR) and facilitated the first X-ray
structure of the active conformation.'® Che et al.” identified
an active state binding VHH to x-opioid receptor which
lead to the active state crystal structure in complex with
the small molecule agonist MP1104. McMahon et al. identi-
fied conformationally specific VHH domains against two
different GPCRs (f2AR and A, adenosine receptor) where
the f2AR active state specific clone Nb.c200 was shown to
co-crystalize in a range of conditions using lipidic cubic-
phase.”! Moreover, using the same VHH library, Wingler
et al.”* identified and affinity matured an active state stabi-
lizing VHH to angiotensin II type 1 receptor, which resulted
in a co-complex structure.

Conformationally selective VHH have been identified
that target non-GPCR antigens, including proteases and
integral membrane receptors. In one example, Kromann-
Hansen et al.”” identified two VHHs to urokinase-type plas-
minogen activator (uPA) where one VHH is a competitive
active-site inhibitor and other an allosteric modulator.
Biophysical measurements combined with the VHH co-
complex X-ray structures contributed to the understanding
of an equilibrium between an antiparallel-to-parallel con-
formation of uPA. Zimmermann et al.*’ identified VHHs
with different paratope geometries (shape complementari-
ty) to lock the ABC transporter TM287/288 in an outward
facing, ATPase activity-inhibited, ATP bound state and also
identified VHH targeting the inhibited conformation of
both glycine transporter 1 and equilibrative nucleoside
transporter 1.



Hoey et al.

Generation of conformation specific VHH domains has
not only greatly advanced our understanding of GPCR
biology, but also furthered our knowledge of integral mem-
brane receptor biology. Such understandings can aid in the
discovery of new drugs by providing both molecular
details of activation states and allowing the use of VHH
domains as reagents to lock receptors in druggable confor-
mations. More thorough reviews of conformationally selec-
tive VHHH have been discussed.”>”®

Engineering new function (pH and ligand control)

The utility of antibodies as affinity reagents stems from
their high affinity/specificity for their respective target
molecules. Consequently, most antibody engineering aims
to enhance affinity, specificity, or stability, and the latter
extends the high affinity/specificity over elevated temper-
atures or adverse environmental conditions. A logical next
step in engineering protein interactions is the introduction
of reversible regulation. Perhaps not surprising, methods to
accomplish such regulation may be modeled after com-
monly observed linked-equilibria found in biologi-
cal systems.

One of the most common types of linked-equilibria that
can regulate protein function/interactions is proton-link-
age.”” Changes in protonation states of ionizable residues
upon protein interactions produce pH-dependent effects,
such as changes in observed binding constants.
Consequently, the introduction of ionizable groups into
antibody interfaces can pave the way for pH-dependent
recognition. One of the earliest examples of pH-
dependent engineering of an antibody/antigen interaction
included the substitution of a histidine residue within a
conventional antibody’s antigen binding interface, result-
ing in pH-dependent binding.”® Therapeutic antibodies
that display pH-dependent antigen recognition have been
linked with increased serum half-life, through improved
antibody recycling.””®” Murtaugh et al.®' developed a com-
binatorial histidine scanning library approach that enabled
the generation of a highly pH-dependent anti-RNaseA
VHH domains. An engineered variant is estimated as
possessing an approximate 10°fold drop in the observed
binding constant from pH 7 to 4 (while maintaining their
native structures). While the ability to reversibly control
VHH-antigen interactions may be of interest for therapeu-
tic antibody recycling, it also opens additional application
opportunities. For instance, an anti-methotrexate M36H
mutant aided the use of VHH domains in immunoaffinity
chromatography for the separation of methotrexate deriv-
atives.® 1t is likely that other non-pH-based methods to
regulate/control VHH interactions may be of interest for
life science applications. For example, combinatorial librar-
ies allowed the generation of dual-specific VHH variants,
where antigen binding could be regulated by binding of a
metal ion.8>%* While in their infancy, the development and
applications of tailored VHH/target regulation may open
exciting possibilities for molecular-based control of anti-
body affinity reagents.

Applications and engineering of single domain antibodies

Summary

The camelid VHH domain, from heavy-chain-only antibod-
ies, is a versatile tool for life science applications. Bolstered
by its small size, modular shape, and diverse set of CDR
interactions against protein and hapten targets, VHH
domains provide opportunities not possible using conven-
tional antibodies. VHH modularity provides opportunities
for building blocks in antibody therapies, such as multi-
specifics and CAR T cell therapy, as well as agile conforma-
tionally selective binding agents. The development and
increasing use of synthetic VHH libraries, with user-
defined diversity, along with the ability to introduce molec-
ular switches, such as pH control, will allow VHH domains
to play a pivotal role as functional “add-ons” to create next-
generation therapeutics and affinity reagents.
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