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Abstract

The antigen-binding capacity of the paired variable domains of an antibody is well established. The observation
that the isolated heavy chains of anti-hapten antibodies retain some antigen-binding capacity in the absence of light
chains led to attempts to obtain an even smaller antigen-binding unit in a VH format. Unfortunately, the poor
solubility, the reduced affinity for the antigen and the irreproducible outcome showed that additional protein
engineering would be required to successfully generate single-domain antibody fragments. By serendipity, it was
discovered that this engineering is already performed continuously in nature. Part of the humoral immune response
of camels and llamas is based largely on heavy-chain antibodies where the light chain is totally absent. These unique
antibody isotypes interact with the antigen by virtue of only one single variable domain, referred to as VHH. Despite
the absence of the VH�VL combinatorial diversity, these heavy-chain antibodies exhibit a broad antigen-binding
repertoire by enlarging their hypervariable regions. Methods are described to tap the VHH repertoire of an
immunised dromedary or llama. These VHH libraries contain a high titre of intact antigen-specific binders that were
matured in vivo. Synthetic libraries of a ‘camelised’ human VH, a mouse VH or a camelid VHH scaffold with a
randomised CDR3 could constitute a valid alternative to immune libraries to retrieve useful single-domain antigen
binders. The recombinant VHH that are selected from such libraries are well expressed, highly soluble in aqueous
environments and very robust. Some in vivo matured VHH were also shown to be potent enzyme inhibitors, and the
low complexity of the antigen-binding site is an asset in the design of peptide mimetics. Because of their smaller size
and the above properties, the VHH clearly offer added-value over conventional antibody fragments. They are
expected to open perspectives as enzyme inhibitors and intrabodies, as modular building units for multivalent or
multifunctional constructs, or as immuno-adsorbents and detection units in biosensors. � 2001 Elsevier Science B.V.
All rights reserved.
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1. Introduction

Ž .Kohler and Milstein 1975 introduced the¨
monoclonal antibody technology to immortalise
mouse cell lines that secrete a single type of
antibody with a unique antigen specificity. This
so-called hybridoma technology allows the isola-
tion and production of monoclonal antibodies to
protein, carbohydrate, nucleic acids and hapten
antigens. Besides the importance as research
tools, the availability of murine monoclonal anti-
bodies opened the way to the development of
diagnostics and human therapeutics. However, the
application of monoclonal antibodies on a wide
scale suffered from a number of technical limita-
tions and drawbacks such as: expensive produc-
tion methods based on mammalian expression
systems; inability to optimise the antibody using
genetic engineering techniques; and the potential
immunogenicity of the mouse antibody when

Žadministered to humans Kuus-Reichel et al.,
.1994 .

To circumvent the latter limitation, methods
were developed to generate:

1. chimeric antibodies that combine murine
variable regions with the human constant re-

Ž .gions Boulianne et al., 1984 ;
2. humanised antibodies that are fully human

antibody scaffolds except for their murine
Žantigen-binding CDRs Riechmann et al.,

.1988 ;
3. or veneered antibodies that are non-human

antibody fragments in which the exposed
residues in the framework regions are re-
placed to match the human residues at those

Ž .positions Padlan, 1991 .

Of the human therapeutic monoclonal antibody
products on the market, one is completely rodent
Ž .Orthoclone-OKT3, Johnson and Johnson , four

Žare chimeric rodent VL and VH, human con-
stant domains: ReoPro, Centocor; Ritunax, IDEC;

.Simulect, Novartis; Remicade, Centocor and
Žthree are humanised all constant and framework

regions are human, only the CDR-regions are
from the original rodent antibody: Zenapax, Pro-

tein Design Labs; Synagis, MedImmune; Her-
.ceptin, Genentech; Mylotarg, Wyeth . Evidently,

these examples are testimony to the therapeutic
potential of these murine monoclonal antibodies
and their derivatives. The generation of true
human hybridomas appeared to be more difficult
than first anticipated. Nevertheless, the genera-
tion of transgenic mice carrying large parts of the
human immunoglobulin loci seems to generate

Žpromising human monoclonal antibodies Green
et al., 1994; Harding and Lonberg, 1995; Brugge-¨

.mann and Neuberger, 1996 , although they are
still matured in a mouse environment and could,
therefore, still contain human T-cell epitopes.

The expression of the antibody genes in bacte-
ria should lower the production cost and facilitate
the genetic engineering to optimise the antibody’s
performance. However, the first trials to produce
antibodies in bacteria yielded disappointing low

Žlevels of functional molecules Boss et al., 1984;
.Cabilly et al., 1984 . More recently, gene tech-

nology has succeeded in the cloning and engi-
neering of smaller fragments of antibody genes
Ž .Winter and Milstein, 1991; Winter et al., 1994 .
Certain antibody fragments such as Fab and Fv
Žnon-covalently associated heterodimers of VH

.and VL domains have been successfully ex-
Žpressed in bacteria Skerra and Pluckthun, 1988;¨

. ŽBetter et al., 1988 , yeast, or fungi Frenken et al.,
.1998 . In addition, protein engineering can tailor

the functionality and physico-chemical properties
of the fragments leading to improved stability,
reduced immunogenicity, better tissue distribu-
tion and faster blood clearance when used in vivo
Ž .Wu et al., 1996 .

Despite this progress, major technical hurdles
remained in implementing the technology on an
industrial scale. For instance, stable Fv fragments
have to be engineered by connecting the domains
with a hydrophilic and flexible peptide linker to

Žcreate a single-chain Fv fragment scFv, Fig. 1,
.Huston et al., 1988; Bird et al., 1989 , because the

native Fv fragment dissociates upon dilution. Un-
fortunately, these scFv molecules have a reduced

Žaffinity compared to the parent antibody Borre-
baeck et al., 1992; Mallender et al., 1996; Glock-

.shuber et al., 1990 , and the linker sequences
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Ž . Ž .Fig. 1. Schematic illustration of the conventional top and heavy-chain IgG antibodies bottom present in camelid serum. The
Ž . Ž .entire light chain curved lines and CH1 domain black are absent in HCAb. The antigen-binding domains of conventional

Ž .antibodies obtained after proteolysis Fab or after cloning, and expression of the gene VH and VL fragments are shown. A
synthetic linker introduced between the VH and VL stabilises the VH�VL dimer and forms the scFv. The recombinant VHH, the
variable domain of a heavy chain of HCAb is obtained after cloning and expression. The VHH is the minimal intact antigen-binding
fragment that can be generated.

frequently lead to aggregation of scFv and are
Žeasily degraded by proteolysis Whitlow et al.,

.1993 .
Antigen-binding fragments comprising the sin-

Ž .gle variable domain VH of the conventional
heavy chains have also been generated in the past
Ž .Ward et al., 1989 . In contrast to the VL do-
mains, such VH domains often retain the
antigen-specificity of the parental antibody since
their CDR3 is the major contributor to antigen
binding. However, removing the VL domain from
a Fv exposes a large hydrophobic surface of the

ŽVH to the solvent i.e. the former interaction site
.with the VL so that the isolated VH molecules

become ‘sticky’ and are, therefore, difficult to
produce in a soluble form. Moreover, affinity
drops by one to three orders of magnitude com-

Ž .pared to a scFv Borrebaeck et al., 1992 . Conse-
quently, it has not been possible to develop sin-
gle-domain VH antibodies as a valid alternative
of monoclonal antibodies.

We noticed that serum of camels, dromedaries

and llamas contains a unique type of antibodies
Ždevoid of light chains Fig. 1, Hamers-Casterman

.et al., 1993 . The heavy chains of these so-called
Ž .heavy-chain antibodies HCAb have a lower MW

than their counterparts in conventional anti-
bodies due to the absence of the first constant
domain, the CH1. Since the light chain is missing,
the heavy-chain antibodies should bind their anti-
gen by one single domain, the variable domain of
the heavy immunoglobulin chain, referred to as

ŽVHH, to distinguish it from classic VH Muylder-
.mans et al., 1994 . As such, the single-domain

VHH is the smallest available intact antigen-bind-
Ž .ing fragment 15 kDa derived from a functional

immunoglobulin.
The cloning of the VHH in phage display vec-

tors, selection of antigen binders by panning and
expression of selected VHH in bacteria offer an
attractive alternative to obtain small molecular
recognition units. The VHH obtained from an
immunised dromedary or llama have a number of
advantages compared to the Fab, Fv or scFv de-
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rived from other mammals, because only one
domain has to be cloned and expressed to gener-
ate an intact in vivo matured antigen-binding
fragment, and because of the intrinsic character-
istics of the VHH.

2. Results and discussion

2.1. Occurrence and composition of hea�y chain
antibodies

The concentration of IgG in dromedary and
llama serum is approximately 5�10 mg�ml. In
dromedaries, approximately half of the natural
serum IgG repertoire consists of heavy-chain

Ž .antibodies Hamers-Casterman et al., 1993 , lla-
Ž .mas having a lower proportion of HCAb 25�45%

Ž .van der Linden et al., 2000 , and the remaining
being conventional antibodies composed of two
heavy and two light chains. From cDNA analysis,
we infer the presence of at least two conventional
IgG isotypes and three or four heavy-chain IgG
isotypes in dromedary and llama, respectively
Ž .Nguyen, Vu and Harmsen et al., 2000 .

The presence of functional HCAb in serum has
not been found in any other mammals besides
camelids, although non-functional heavy-chain
antibodies, lacking the light chain and undefined
parts of the VH and CH1 are reported as a
human pathological disorder named heavy-chain

Ž .disease Seligmann et al., 1979 .
The heavy chains of the dromedary or llama

Ž .HCAb are composed of a variable domain VHH
immediately followed by a hinge, the CH2 and

Ž .the CH3 domain Fig. 1 . The cDNA sequence
analysis illustrated that the equivalent of the CH1
domain between the VH and the hinge is clearly
missing. Recently, the molecular basis for the
absence of the CH1 in the HCAb was assessed by
determining the entire dromedary �2a constant
gene and two llama IgG isotypes obtained from
genomic libraries. In all three cases it was found
that the donor splice site flanking the CH1 exon

Žis mutated Nguyen et al., 1999; Woolven et al.,
.1999 . It therefore seems plausible that these

point mutations at the 3� end of the CH1 exon

are responsible for the selective removal of the
CH1 coding sequences during the splicing of the
mRNA of the dromedary and llama HCAb. The
fact that both llamas and dromedaries utilise
a common mechanism to eliminate the CH1
domain indicates that the HCAb emerged in a
common ancestor before these species diverged.

2.2. Differences between VH and VHH

2.2.1. Sequence difference
ŽThe dromedary and llama VHH sequences ob-

.tained from cDNA libraries and RT-PCR clones
belong to a single gene family, namely family
three. It is unlikely that dromedaries possess other
VHH gene families, as a representative database
of germline VHH sequences revealed the pres-
ence of some 40 different VHH genes that all

Ževolved within the VH subgroup III Nguyen et
.al., 2000 .

The comparison of the human VH3 gene family
with the camelid VHH shows a high degree of
homology as expected for genes of the same
family. However, shortly after the initial observa-
tion of the presence of heavy-chain antibodies in
camelids it was noted that the VHH carry a
number of remarkable amino acid substitutions in

Ž .the framework-two region Fig. 2 . The VH
residues in this region normally interact with the
VL domain and are well conserved throughout

Ž .evolution Kabat et al., 1991 . Four amino acid
substitutions were reported in the framework-two
region in a comparison of VH and VHH
Ž .Muyldermans et al., 1994; Vu et al., 1997 . Over-
all, the V37F or V37Y, the G44E, L45R and

Ž .W47G substitutions in going from VH to VHH
render this side of the domain more hydrophilic,
presumably lowering VHH’s propensity to form a
heterodimer with a VL domain. Riechmann’s

Ž .group Davies and Riechmann, 1994 analysed
Žthe effect of three of these mutations G44E,

.L45R, W47G on a human VH3 expressed as an
isolated domain in E. coli. Whereas the original
isolated human VH aggregated at protein con-
centrations above 1 mg�ml, the aggregation of
the camelised domain was significantly reduced. It
is therefore possible to create a human single VH
domain that behaves well in solution by mutating
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Fig. 2. Schematic representation of the differences between VH and VHH based on the sequence comparison of cDNA clones. The
position of the CDR in between the framework regions is indicated. The CDR1 and CDR3 of a VHH is larger than in VH genes,

Ž .and they are often connected by a disulfide bond thick line . The hallmark amino acid substitutions in framework-one and -two are
Žgiven. The numbering refers to the position of the amino acid along the sequence according to the Kabat numbering Kabat et al.,

.1991 .

a very limited number of residues involved in the
‘former’ VL interaction to mimic those residues
present in dromedary VHH.

Additional, conserved substitutions occur in the
Ž .scaffold or framework FR of camelid VHH, e.g.

P14A and A83P. The amino acid substitution of
the conserved L11 into S11, originally reported to
occur in dromedary VHH, is less well maintained

Ž .in llama VHH sequences Vu et al., 1997 . A
number of VHH germline sequences also do not

Ž .carry this substitution Nguyen et al., 2000 . In a
Ž .VH, these residues L11, P14, A83 are located at

the antipode of the antigen-binding site and,
Žtherefore, can contact the CH1 domain Padlan,

.1994 . The L11 is part of the ball-and-socket joint
Žbetween the VH and CH1 Lesk and Chothia,

.1988 . The absence of a CH1 domain in a HCAb
suggest that the amino acids located in this part
of the VHH will be solvent exposed in the intact
antibody molecule. Consequently, it is logical to
propose that the increase in hydrophilicity pro-
voked by the L11S mutation would help in keep-

Žing the VHH domain soluble Muyldermans et
.al., 1994; Vu et al., 1997; Nieba et al., 1997 .

Besides the VH�VHH hallmark substitutions
in the framework regions, the hypervariable re-
gions of the camelid VHH seem to differ from

Ž .the VH in two respects Fig. 2 . First, the hyper-
variable regions of VHH are on average longer
than those of VH. The average CDR3 length in
human and mouse VH is 12 and nine amino

Ž .acids, respectively Wu et al., 1993 , whereas in
dromedary VHH a length of 16�18 amino acids is

most frequently observed, although in the llama a
considerable fraction of the VHH seems to have
a much shorter CDR of approximately six amino

Ž .acids Vu et al., 1997; Harmsen et al., 2000 . In
addition, the first hypervariable region that nor-

Žmally involves residues 31�35 in all VH Kabat et
.al., 1991 is enlarged to encompass residues 27�35

Ž .in dromedary and llama VHH Fig. 4 . The
VHH-specific, hypervariable residues 27�30 form
the loop connecting the two �-sheets of the im-
munoglobulin fold, and are solvent exposed
Ž .Padlan, 1994, 1996 . Their hypervariability sug-
gests that these residues are contacting the anti-
gen and that the somatic mutations in this area
will be selected during the affinity maturation.
The presence of hotspots for somatic mutation in
the codons 27 and 29 in the germline VHH
sequences, but not in the VH sequences, of
dromedary supports the importance of this region

Žof a VHH in antigen binding Nguyen et al.,
.2000 . Furthermore, the long CDR3 is most often

Žconnected by a disulfide bond to the CDR1 Fig.
.2 . Sometimes, in the dromedary VHH, the disul-

fide bond is made between the CDR3 and a
Cys45 of framework-two, whereas in llama VHH,
we observed the possibility to form an interloop
disulfide bond between CDR3 and a Cys50 within

Ž .the CDR2 Vu et al., 1997 .
It is tentatively hypothesised that the larger

hypervariable regions of the VHH will enlarge
the actual surface of the antigen binding site and
that this might compensate for the absence of the
antigen-binding surface area provided by the VL
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domain in Fv. The presence of the interloop
disulfide bond will restrict the conformational
flexibility of the long CDR3 loop in the antigen-
free form so that immobilising the loop upon
binding antigen will minimise the entropic penalty.

2.2.2. Structural differences
The crystallographic structure of four VHH

ŽDesmyter et al., 1996; Decanniere et al., 1999;
.Spinelli et al., 1996, 2000 , and the NMR struc-

Žture of the camelised human VH Riechmann,
.1996 have been reported. A fifth crystal structure

is available in the pdb under accession number
Ž .1bzq; Desmyter et al., submitted . See Fig. 3 for

three of these VHH-antigen complexes. All these
structures confirm that the scaffold architecture
of the VH and the VHH are identical. Nine
�-strands are folded in two sheets that pack
against each other and are stabilised by a con-
served disulfide bond. The root mean square devi-
ation of the framework-C� atoms between a
VHH and a human VH domain is approximately

˚ Ž0.75 A Decanniere et al., 2000, Desmyter et al.,
.submitted . However, the surface formed by the

framework-two residues of the VHH is reshaped
into a much more hydrophilic region as expected

from the nature of the amino acid replacements
Ž .in this part of the molecule Spinelli et al., 1996 .

This effect is even amplified by the rotation of the
adjacent hydrophobic side-chains to expose their

Žmost hydrophilic parts to the solvent Desmyter
.et al., 1996 .

Unexpectedly from the sequence, the largest
structural difference between a VH and VHH is
to be found at the hypervariable regions. In hu-
man and mouse VH, these loops are folded in a
limited number of structures, known as canonical

Žstructures Chothia et al., 1989, 1992; Chothia
.and Lesk, 1987 . In contrast, the antigen-binding

loop structures within the VHH possess appar-
ently many deviations on these canonical struc-
tures that could not have been easily predicted
from their sequence. This does not imply that the
first hypervariable loop of the VHH is unable to
adopt a canonical type-1 structure. A genuine
type-1 loop is formed at the first hypervariable
loop of an anti-carbonic anhydrase VHH, both in
the free antibody fragment, as in its complex with

Žantigen Decanniere et al., 2000; Desmyter et al.,
.submitted . In contrast, none of the four pub-

lished VHH structures solved by crystallography
have a first hypervariable loop adopting the pre-

Ž . Ž . Ž .Fig. 3. Ribbon representation of the X-ray structure of cAb-Lys3 left , cAb-RN05 middle and cAb-CA05 right in complex with
their respective antigens, lysozyme, RNase A, or carbonic anhydrase. The VHH is shown in the lower part of the complex and the
antigen is on top.
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dicted canonical structure. A new canonical struc-
ture named type-4 was even proposed because
the first hypervariable loop of two VHH shared

Žthe same C� conformation Decanniere et al.,
.1999, 2000 .

The architecture of the second hypervariable
loop of VHH also appears to be more variable

Žthan in human or mouse VH Decanniere et al.,
.2000 . The high incidence of amino acid inser-

tions or deletions in, or adjacent to, the first and
second antigen-binding loops of VHH will un-
doubtedly diversify, even further, the possible

Žantigen-binding loop conformations Nguyen et
.al., 2000 .

The prediction of the third hypervariable loop
structure of VH has been a bottleneck for a long
time, although much progress was made in recent

Žyears Al-Lazikani et al., 1997; Morea et al., 1998;
.Shirai et al., 1996, 1999 . Unfortunately, the new

algorithms to predict the structure of the third
hypervariable loop of VH cannot be applied to
predict the CDR3 structure of VHH. With the
exception of the llama VHH against human
chorionic gonadotropin hormone, that has an un-
usually short CDR3 loop, the VHH with known
structure have a tendency to turn their CDR3
loop outwards from the �-barrel, towards the
region that would interact with the VL in a Fv
structure. Therefore, the location of the long
CDR3 within the VHH is incompatible with the
association of a VL.

In summary, the structural analyses provide
evidence that the antigen-binding loops of VHH
exhibit a much larger structural repertoire than
observed for VH. It is possible that the absence
of the VL generates the additional freedom that
makes these changes possible.

2.3. Generation of HCAb in camelids

As discussed above, a satisfactory explanation
for the removal of the CH1 domain in HCAb was

Žrecently proposed see Section 1; Nguyen et al.,
.1999; Woolven et al., 1999 , but many other as-

pects of the HCAb generation remain in a state
of uncertainty.

ŽWe do know that the VHH gene segments and
.the VH as well including a functional promoter

sequence and recombination signal sequences, are
embedded in the dromedary germline genome
Ž .Nguyen et al., 1998 . Thus, the framework-two
specific hallmarks of a VHH are imprinted in the
dromedary genome, and are not introduced in a
VH gene by a directed somatic hypermutation
mechanism. Moreover, none of the VH germline
segments encode a Cys in their CDR regions. In
contrast, the VHH germline gene segments have
the Cys in the CDR1 or at position 45, available
to form, after a productive DNA recombination, a
disulfide bond with a Cys in the CDR3. The
longer CDR3 in VHH compared to VH is puz-
zling, especially since they both seem to employ

Ž .the same D and J segments Nguyen et al., 2000 .
It might be that the longer CDR3 in VHH is
introduced by joining two D segments, or by an
increased activity of terminal deoxynucleotidyl
transferase during the VHH�D�J recombination.
Moreover, the CDR3 of VHH often possesses a
Cys, a feature that is absent in dromedary VH.
The introduction of a Cys in the CDR3 of the
VHH could, therefore, be due to the selection of
an alternative reading frame of the D minigene
or the use of alternative VHH�D�J junctions, or
by the P or N nucleotide addition during the
DNA recombination event.

Ž .High proportions �30% of the cDNA clones
encoding VHH sequences have aberrant sizes for
their CDR1 or CDR2 region. Germline VHH
segments with off-sized lengths were not retrieved
from the dromedary genome. Therefore, these
VHH result probably from a gene conversion

Ž .mechanism Reynaud et al., 1989 , although a
Ž .somatic mutation mechanism Wilson et al., 1998

cannot be formally excluded because the inser-
tion�deletions are nearly always found adjacent
to particular DNA signal sequences such as palin-
dromes, or truncated recombination signal se-

Ž .quences Nguyen et al., 2000 . In any case, the
off-sized loop regions of the VHH will increase
the potential structural diversity of the VHH do-
mains.

Remarkably, the codons 27 and 29, immedi-
Žately upstream of the CDR1 region CDR1 as

Ž ..defined by Kabat et al. 1991 , are mutated in the
VHH. In principle, these germline mutations
leading to the F27Y and F29Y amino acid substi-
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tution are expected to be silent at the structural
Žlevel Al-Lazikani et al., 1997; Chothia et al.,

.1992 . However, in contrast to the TTY codon for
Phe, the TAY nucleotide triplet coding for Tyr is
known as a hotspot for somatic hypermutation
Ž .Milstein et al., 1998 . In line with this, is the
observation that the amino acids at position 27
and 29 become much more variable in VHH
compared to the corresponding amino acids in

Ž .VH domains Fig. 4 . Hence, the CDR1 region of
a VH that encompasses the amino acids 31�35
Ž .Kabat et al., 1991 is extended in VHH to in-
clude amino acids 27�35. The whole region has a
solvent exposed location and the variability in this
region is expected to have two consequences.
First, the mutations are most likely involved in
the reshaping of the loop structure, and secondly,
some of the amino acid mutations might provoke
subtle surface modification that might improve
the VHH�antigen fit. The crystal structures of
the VHH in complex with lysozyme and RNase A
confirm these expectations. The loop conforma-
tion in the CDR1 region adopts one of several

Ž .possible folds Decanniere et al., 2000 , and the
amino acids 27 and 29 participate actively in the
recognition process of RNase A and lysozyme,

Žrespectively Desmyter et al., 1996; Decanniere et
.al., 1999 .

In summary, it is proposed that this frequent
occurrence of ‘off-sized’ CDR1 and CDR2 loops
and the somatic hypermutations in the CDR1
region, leading to an extended hypervariable loop
region, will add to the diversity of the VHH
domains. This might explain how the VHH
single-domains can exhibit such a broad antigen-
binding repertoire in the absence of the VH�VL
combinatorial diversity.

The productive recombination product of
VHH�D�J minigenes is expected to be expressed

Žas part of a �-chain Tonegawa, 1983; Rajewsky,
.1993 . However, the co-expression of VHH with

the � constant gene is difficult to prove. At the
gene level, it is difficult to amplify the VHH-�
sequences using RT-PCR, so that the few clones
that are obtained might result from an artefactual

Ž .PCR event e.g. PCR cross-over . At the protein
level, the production in dromedaries or llamas of
IgM-like molecules containing a VHH domain

Ž .Fig. 4. Variability plot of dromedary VH top and VHH
Ž .bottom from amino acid 22�41. The white bars are frame-

Ž .work residues. The CDR1 as defined by Kabat et al. 1991 are
shown in grey, while the extended hypervariable region out-
side the conventional CDR1, and unique for camelid VHH, is
in dark grey. The variability at each position is calculated as
the number of different amino acids occurring at that position
divided by the frequency of occurrence of the most frequent
amino acid at that position. Both databases were obtained
from shotgun cloning of VH and VHH cDNA sequences, and
some 20 clones of each were taken into account. The most
frequent amino acid at each position for this database is given.

but without light chains remains elusive. It is
difficult to envisage that VHH-� chains contain-
ing a CH1 domain could be secreted since chap-
erone proteins recognising the CH1 domain need
to be replaced by the light chain before secretion
from the endoplasmic reticulum can proceed. Un-
der the assumption that the constant domain of
the light chain replaces the BiP chaperone and
associates with the CH1 domain of the � poly-

Ž .peptide Henderschot, 1987 , then the VL domain
still cannot associate with a VHH domain due to
the reshaped framework-two region and interfer-
ence with the long CDR3 of the VHH. In con-
trast, there is no indication for the generation of
� polypeptide chains without CH1 domains, al-
though such IgM-like molecules with a VHH,
devoid of CH1 and light chains, could theoreti-
cally be secreted from the endoplasmic reticulum.
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Since the occurrence of IgM-like molecules
with a VHH in dromedaries remains uncertain, it
is evident that the location and time of the anti-
gen-binding site maturation of the VHH and con-
comitant ��� switch to produce the IgG-type
HCAb remains purely speculative.

2.4. Immunising dromedaries or llamas

Dromedaries and llamas are easily immunised
Žfollowing standard procedures Murphy et al.,

.1989 . Immunisation with as low as 50 �g im-
munogen in complete and incomplete Freunds
adjuvant generates antigen-specific HCAb of high

Žaffinity after 5�6 weekly boosts Lauwereys et al.,
.1998 . It is feasible to immunise an animal simul-

taneously with a mixture of several antigens and
to raise an immune response to each antigen
separately, making the whole procedure more cost

Žeffective Lauwereys et al., 1998; van der Linden
.et al., 2000 .

The HCAb repertoire of an immunised
dromedary or llama displays a recognition pattern
different to that of conventional IgGs. The anti-
gen-specific serum titres obtained for proteina-
ceous antigens are consistently higher than those
obtained for haptens. Surprisingly, the immunisa-
tion of a llama with haptens coupled to a BSA
carrier lead to a higher relative proportion of

ŽHCAb against the hapten than to the carrier van
.der Linden et al., 2000 . The same authors also

found that the immunisation of a llama with a S.
mutants lysate resulted in a recognition pattern
that differed profoundly between the HCAb and
the conventional antibodies. The proteins with a
MW between 60 000 and 80 000 were bound pref-
erentially by HCAb, although overall the HCAb
recognised a smaller number of proteins than the
conventional antibodies.

The finding, that VHH from the dromedary
HCAb against enzymes are potent competitive
inhibitors, was another unexpected observation
Ž .Lauwereys et al., 1998 . This was shown by two
complementary experiments. In the first approach
it was demonstrated that approximately half of
the HCAb against model enzymes such as �-
amylase and carbonic anhydrase, can be displaced
by adding a large excess of small competitive

inhibitors like acarbose and dorzolamide, respec-
tively. In contrast, conventional antibodies failed
to be displaced by these drugs. In the second
experimental set-up, it was illustrated that the
monomeric VHH prepared from HCAb, from a
dromedary immunised with �-amylase, could
block the enzymatic cleavage of 2-chloro-4-
nitrophenyl-maltotriose, a substrate for �-
amylase. These experiments illustrated the feasi-
bility to immunise a dromedary with enzymes to
generate large quantities of HCAb that react with
the enzymatic active site.

2.5. Preparing antigen-specific VHH

In principle, the antigen-specific VHH can be
obtained by protease digestion of HCAb, by di-
rect cloning of the VHH genes from B-cells, and
from ‘single-pot’ naıve or synthetic libraries.¨

2.5.1. VHH from proteolysed HCAb
The availability of polyclonal VHH and VHH2

obtained after the proteolysis of the HCAb from
an immunised dromedary or llama could prove
valuable to develop single-domain based
immuno-reagents.

Polyclonal VHH domains, of which measurable
amounts could recognise the antigen �-amylase,
had previously been prepared from the IgG3 frac-

Žtion of an immunised dromedary Lauwereys et
.al., 1998 . The HCAb isotype IgG3 was purified

by protein G chromatography from the serum
that contained, per ml, 0.1 mg polyclonal HCAb
with specificity for �-amylase. The purified IgG3
fraction was then digested under limiting condi-
tions with endo-Glu V8 protease that cleaves the
short hinge region between the VHH and the

ŽCH2 Hamers-Casterman, personal communica-
.tion . The chromatography on Protein A of the

proteolysed sample retains the Fc containing
Žfragments and a subfraction of the dromedary

.VHH , whereas the flow-through contains the
majority of the VHH, of which a large proportion
recognised the antigen. This method might be less
applicable for llama VHH because the IgG3 titre
is lower in the llama compared to the dromedary
Ž .van der Linden et al., 2000 , and, in contrast to
the dromedary VHH, a large fraction of the llama
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VHH seems to bind protein A, so that different
purification schemes should be devised.

The dromedary HCAb IgG3 isotype was also
Žcleaved by pepsin, trypsin, or papain Hamers-

.Casterman, personal communication . These pro-
teases attack the hinge region at various posi-
tions, but mainly after the first disulfide bond that
links the �3 heavy chains. The cleavage therefore
generates dimeric VHH that could be purified by
passing the flow-through fraction of a protein A
chromatography over a gel filtration column of
Sephacryl R200.

2.5.2. Recombinant VHH

2.5.2.1. VHH repertoire cloning. Cloning the reper-
toire of antigen-binding fragments from an immu-
nised animal into a phage display vector and
selection of antigen-specific clones by panning
became a routine method in the past decade to

Židentify antigen-specific molecules Winter et al.,
.1994; Hoogenboom et al., 1998 . This powerful

method is straightforward to adapt for VHH, and
the single-domain nature of the VHH simplifies
the effort considerably. Indeed, the repertoire
cloning of conventional antibodies, e.g. in the
form of scFv, involves several steps. First, two
independent PCR are needed to amplify the VH

Ž .and VL. In mouse and humans as well this PCR
is complicated by the existence of multiple gene
VH and VL families, where each family requires
its own set of primers. Secondly, these fragments
have to be joined randomly into one construct by
a linker segment, either by a splicing of overlap
extension or by a two-step cloning strategy.
Therefore, 105 VH and 105 VL fragments ampli-
fied from 105 B-cells requires the cloning of 1010

clones to obtain all possible combinations. Admit-
tedly, since the antigen-binding VH domains ex-
hibit a promiscuous binding to several ‘neutral’

Ž .VL domains and vice versa , there is no absolute
requirement to construct the original pairs that
were matured in vivo for the antigen. However,
scrambling the VH and VL populations and the
presence of artificial VH�VL combinations with
decreased affinity implies that large libraries need
to be screened in order to isolate the native
combinations, and�or that many binders with

sub-optimal affinity and stability will be obtained.
Therefore, it seems rather counter-productive to
first immunise an animal in order to optimise and
mature the antibodies for the target antigen, and
then to split the antigen-binding partners and to
scramble them in the following step.

Tapping the antigen-binding repertoire of the
HCAb of an immunised dromedary or llama is
less complicated, since the intact antigen-binding
fragment is encoded in a single gene fragment
Ž .the VHH . We normally start from the periph-
eral blood lymphocytes, isolated from an immu-

Žnised dromedary or llama to prepare cDNA Fig.
.5 . It was established that 20�30 ml of an immu-

Ž .nised dromedary containing �20 l blood con-
tains sufficient B-cells that produce antigen-
specific VHH.

All VHH are encoded by a single exon with
homologous border sequences because they be-
long to one single gene family. Therefore, the
complete in vivo matured VHH repertoire of an
immunised animal can be amplified by one single
set of primers and can be cloned immediately.

Although the amplification of the VHH reper-
toire is simple, the method is complicated by the
requirement to avoid the cloning of camelid VH
originating from the conventional antibodies. The
presence of VH genes in the VHH gene library
might complicate subsequent pannings due to

Žtheir possible sticky behaviour Davies and Riech-
.mann, 1995 . Two methods are in use to eliminate

the VH gene fragments from the VHH pool.
Both methods are based on the observation that a
VH is never found within a HCAb, and on the
inherent differences between the heavy chain of
conventional antibodies and HCAb. The

Ž .UNILEVER group van der Linden et al., 2000
makes use of PCR primers that anneal selectively
on the hinge of the HCAb. This region harbours
the largest sequence differences between the dif-
ferent isotypes, and therefore primers can be
designed that will only amplify the VHH genes
Ž . ŽFig. 5, procedure A . In our approach Fig. 5,

.procedure B , we first employ a pan-annealing
primer that binds to a conserved region of all
constant � genes in combination with a back
primer that anneals at the leader signal sequence
of the VH and VHH, so that all IgG isotypes will
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Ž . �Fig. 5. Schematic overview of strategies to clone and select the VHH genes from an immunised dromedary or llama . See text for
additional explanation.

be amplified towards their VH and VHH end.
This primary PCR yields two kinds of fragments:
one kind contains the CH1 exon and is derived
from the heavy chain of a conventional antibody,
and a second kind of fragment lacking the CH1

exon is derived from the heavy chain of the
HCAb. These PCR fragments are easily sepa-
rated on agarose gel and the recovery of the
shorter fragment eliminates the VH sequences
efficiently. A secondary PCR with nested primers
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annealing at the beginning and end of the VHH
is then performed to make more material and to
include restriction enzyme sites for cloning pur-

Ž .poses Fig. 5, procedure B .
After cloning the amplified VHH genes in the

appropriate expression vectors, a VHH library
containing the repertoire of the intact in vivo

Žmatured antigen binding sites is obtained Ghah-
.roudi et al., 1997 . In contrast to scFv libraries

where relatively large libraries are required, small
libraries of only 106�107 VHH individual clones
have routinely resulted in the isolation of single-
domain proteins with nanomolar affinity for their
antigen.

2.5.2.2. Selecting the antigen-specific VHH. The
VHH libraries can be screened for the presence
of antigen-specific binders, either by panning or
by direct colony screening. Indeed, the B-cells
expressing antigen-specific VHH circulating in
blood of an immunised dromedary can easily reach
�1% of the total B cell population. Therefore,
the direct testing of 1000 individual clones of the
VHH library is expected to yield perhaps 10 anti-
gen binders. The colony screening with labelled

Žantigen, as performed in the late 1980s Huse et
.al., 1989 , or screening of the induced cultures in

ELISA is certainly feasible for the VHH libraries
Ž .Fig. 5, procedure C . However, retrieving the

Žbinders by panning is to be preferred Fig. 5,
.procedure D to the screening of individual

Ž .colonies procedure C , because the panning will
also select for those binders with the highest
affinities, and those that express better in bacte-
ria. For panning, the VHH genes are cloned at
the 3� end of the minor coat gene 3 protein of
filamentous phages. Phage particles can then be
produced that possess the VHH�g3p fusion pro-
tein at their tip and the corresponding VHH gene
encoded in the encapsulated phage or phagemid
genome. VHH can therefore be selected, for sev-
eral sequential rounds if needed, through panning
of phage particles on immobilised antigen. Anti-
gen bound phage particles are eluted by pH-shock
and regrown through infection of bacteria. Solu-
ble VHH can be produced after either subcloning
into a soluble expression vector or through the
use of bacterial non-suppressor strains and ap-

propriate stop codons between the VHH fusion
Ž .and the phage g3p Hoogenboom et al., 1991 .

The whole procedure, from the first immunisa-
tion to the cloning, selection, expression and
identification of recombinant VHH antibodies is
routinely performed in less than 3 months. Once
again the advantage of working with small
libraries should be underlined. The artefacts of-

�ten observed with large libraries over-representa-
tion of phages�virions with incomplete scFv
genes, or carrying additional stopcodons or read-

Ž .�ing frame shifts de Bruin et al., 1999 are suffi-
ciently suppressed in the immunised dromedary
or llama VHH libraries, having a higher propor-
tion of binders vs. non-binder clones.

In summary, the possible selection procedures
to obtain antigen-specific VHH benefit from the
usage of small dedicated libraries from immu-
nised animals that contain a high ratio of binder
to non-binder clones due to the in vivo prolifera-
tion of B-cells carrying antigen-specific HCAb.

2.5.3. Naı�e and synthetic libraries of camel VHH¨
domains

Despite the success to retrieve good single-
domain antigen binders in a short period of time,
the method still suffers from the fact that antigen
is required for the immunisations. Although the
antigens used for immunisation should not be of
the highest purity, it is often difficult to extract
the antigens in sufficient amount for immunisa-
tion. To solve this shortcoming, methods were

Ždeveloped to generate large ‘single-pot’ scFv or
.Fab libraries. The variability in these libraries is

either introduced by grafting synthetic, ran-
�domised regions on the scaffold i.e. synthetic

Žlibraries Marks et al., 1991; Nissim et al., 1994;
Griffiths et al., 1994; Pini et al., 1998; Knappik et

.�al., 2000 or by scrambling large pools of VH and
�VL from non-immunised individuals i.e. naıve¨

Žlibraries Vaughan et al., 1996; de Haard et al.,
.�1999 . Such large ‘single pot’ libraries of syn-

Ž .thetic or naıve scFv or Fab proved to be a¨
suitable source to retrieve potent antigen-binders
avoiding the immunisation procedure.

Similar synthetic phage or phagemid libraries
containing a randomised CDR3 on a ‘camelised’
human VH or on a mouse VH were constructed
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Ž .Davies and Riechmann, 1995; Reiter et al., 1999 .
Repertoires of camelised VH domains or the
mouse VH were initially created by randomisa-
tion of residues within the third hypervariable
loop CDR3, which at the same time was varied in
length in the case of the camelised VH format.
This loop contains the highest diversity in length
and amino acid nature of the three VH hypervari-
able loops within the variable domains of heavy
chains from conventional antibodies, and of
dromedary and llama HCAb as well. From such a
repertoire of 2�108 clones, camelised VH do-
mains specific for hapten, peptide and protein

Žantigens were selected Davies and Riechmann,
.1995; Martin et al., 1997 . The dissociation con-

stants for these camelised human VH domains in
their soluble form, and their respective antigens,

Ž .were in the submicromolar range Table 1 . A
subsequent affinity maturation for the camelised
VH hapten binders leading to a 10-fold increase
in affinity could be established by phage selection
of camelised VH derivatives that contained sec-
ondary mutations within the other two hypervari-

Ž .able loops Davies and Riechmann, 1996a . Par-
ticular attention concerns the possible multimeri-

sation of the selected camelised VH domains
Ž .because at least in one case Martin et al., 1997 ,

the selected camelised VH domains dimerised in
solution. Obviously, this depends on the nature of
the synthetic CDR3 loop of this camelised VH
binder, as it is the only portion that differs from
the other, monomeric VH domains in the original
library.

More recently, a mouse VH with non-conven-
tional K44 was used as a scaffold for the genera-

Žtion of a single-domain phagemid library Reiter
.et al., 1999 . VH with this unique VL side are

apparently well expressed as inclusion bodies and
are easily refolded afterwards to yield monomeric
VH domains. Interestingly, this mouse VH se-
quence belongs to the VH family I, so it indicates
that the single domain antibodies can also be
formed on VH scaffolds outside the family III.
The repertoire of 4�108 individual clones was
screened by panning for TNF and immuno-
globulin binders. The selected binders were highly
antigen-specific, correctly folded and stable
monomeric molecules, with an affinity of 20 nM
in case of the immunoglobulin binder.

The preliminary successes of the synthetic sin-

Table 1
aAffinity of single-domain antigen binders

VHH Antigen k k K CDR3on off d
�1 �1 �1Ž . Ž . Ž . Ž .M s s nM AA

4 �4cAb-Lys2 Lysozyme 9.0�10 1.8�10 2 19
4 �3cAb-Lys3 Lysozyme 4.4�10 2.7�10 65 24
5 �3cAb-CA04 Carbonic anhydrase 1.3�10 3.9�10 29 18
4 �3cAb-CA05 Carbonic anhydrase 6.4�10 5.0�10 72 19
6 �2cAb-RN05 RNase A 2.3�10 8.0�10 35 12
6 �3cAb-AMD7 �-Amylase 1.6�10 2.4�10 15 16
5 �4cAb-AMD9 �-Amylase 2.4�10 8.0�10 3 14
5 �4cAb-LA01 �-Lactamase 1.5�10 �1.0�10 �0.7 21
5 �4cAb-LA02 �-Lactamase 4.8�10 7.0�10 0.6 8

5 �3cAb-LA03 �-Lactamase 2.26�10 2.3�10 2 17
5 �3R2 RR6 azo-dye 1.5�10 3.3�10 22 16

VH-Ox21 OxGly 146 15
VH-OS1 OxGly 25 15
VH-REVg1 Rev 220 11
VH-LS2 Lysozyme 3100 10

5 �3VH-1 IgG 2.4�10 4.1�10 19 11

a Ž . Ž .The cAb originated from dromedary Lauwereys et al., 1998 , the R2 is from llama Spinelli et al., 2000 , the VH-Ox, REV and
Ž .LS are from the synthetic camelised human VH library Riechmann and Muyldermans, 1999 , and the VH-1 is retrieved from a

Ž .synthetic mouse VH library Reiter et al., 1999 .
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gle domain libraries are promising, although the
isolation of binders against additional antigens is
required to fully assess the validity of this ap-
proach. Nevertheless, from these early successes,
it is expected that a dromedary or llama VHH
scaffold could also be used to generate a syn-
thetic library by randomising its CDR3. We pro-

Žpose that the cAb-Lys3 Fig. 3 left, Desmyter et
.al., 1996 would constitute a perfect scaffold to

randomise the protruding region of the CDR3.
This part of the loop is particularly accessible to
solvent and should be available for antigen inter-
action. However, it might turn out that a number
of amino acids within this part of the loop, cannot
be randomised as they are required to fix the
conformation of the protruding part of the loop,
e.g. the tyrosines occupying an inner location
within the protruding part of the CDR3 loop of
cAb-Lys3.

ŽThe selection of the cAb-RN05 Fig. 3 middle,
.Decanniere et al., 1999 is an alternative scaffold

to construct a synthetic VHH library. This scaf-
fold has a short CDR3 loop of only 14 amino
acids, that lies over the equivalent of the ‘VL
side’ of the domain, such that a number of amino
acids seems to be essential for interacting with
the framework-two residues. The structural
knowledge of the VHH scaffolds enables us to
randomise only those residues with an outward
facing orientation, thereby minimising the gener-
ation of VHH mutants that are unable to fold
properly. This limitation in exchangeable amino
acids is more an advantage than a problem since
the CDR3 of VHH is sufficiently long to accom-
modate seven to eight randomised amino acids
with an outward facing side-chain, so that
libraries of over 109 individual clones are already
required to obtain a repertoire that covers all
possible amino acid combinations. The exclusive
randomisation of the outward facing residues
within the CDR3 region should lead to libraries
with a higher proportion of potentially functional
binders, so that the selection of antigen binders
should be more successful.

We surmise that the use of the germline VHH,
as scaffold into which a synthetic CDR3 is in-
serted, might be even preferred, because it is

expected to possess more neutral CDR1 and
CDR2 regions that have not been matured to
have specificity for any particular antigen. In ad-
dition, the usage of germline VHH extended with
a synthetic CDR3 allows us, in subsequent steps,
to generate derivatives carrying mutations in the
CDR2 and especially in the extended part of the
CDR1 region, in order to improve the affinity of a
selected binder for a particular antigen.

2.5.4. Immunised �s. synthetic VHH libraries
ŽThe availability of synthetic VHH libraries or

.camelised human VH, or mouse VH definitely
offer a solution to identify antigen binders in

Žcases where it is impossible to immunise lack of
.antigen, antigen is toxic or not immunogenic .

However, we feel that the synthetic VHH
libraries might be inferior to the VHH libraries of
immunised dromedary or llama. The present suc-
cess rate in isolating binders from synthetic VH
libraries, as inferred from the literature, needs to
be confirmed. Moreover, since the binders ob-
tained from naıve or synthetic libraries are not¨
matured against the antigen, we expect that the

Ž .affinities will be low in the �M range so that
lengthy in vitro affinity maturation steps are re-
quired to improve on their binding capacity. This
involves, again, the randomisation of some
residues of the selected VHH and the construc-
tion of a second library that should also be as
large as possible to meet with a fair chance of
success. Therefore, in the end it might be much
faster to use the potential of the dromedary im-
mune system to simultaneously proliferate the
antigen-binding cells and perform the affinity
maturation, and then to generate a relative small,
immunised VHH library.

2.6. Unique features of VHH domains

The single domain nature of VHH gives rise to
several unique features as compared to antigen-
binding derivatives of conventional antibodies.

ŽBesides the advantages of easy cloning single
.gene and selection from an in vivo matured

library, the recombinant VHH have other techno-
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logical, functional and physico-chemical advan-
tages such as:

� the high expression yields and ease of purifi-
cation;

� a highly soluble and stable, single-domain im-
munoglobulin fold;

� the generation of antigen-specific, high-affin-
ity binders;

� the recognition of unique conformational epi-
topes with the dominant involvement of its
long CDR3; and

� the close homology to human VH fragments.

2.6.1. High expression yields and purification of
recombinant VHH

The expression of the recombinant VHH pro-
duces a single domain protein of only 15 kDa.
This is half the size of the smallest intact, anti-
gen-binding fragment that can be generated from

Ž . Ž .conventional antibodies Fv or scFv Fig. 1 . The
Žrecombinant VHH contain depending on the ex-

.pression vector a C-terminal His , c-myc or an6
haemaglutinin tag that are routinely used for
detection in Western blots, or ELISA, by the
appropriate specific antibodies.

In contrast to VH domains of conventional
antibodies, the VHH domains of camel heavy-
chain antibodies are expressed efficiently as solu-
ble and non-aggregating recombinant proteins due
to their unique hydrophilic substitutions in frame-
work-two: V37F or V37Y; G44E; L45R or L45C;

Ž .and W47, most often substituted by G Fig. 2 .
Without any optimisation of conditions, recombi-
nant camelid single domain antibodies are rou-
tinely obtained at levels of 5�10 mg�l when ex-
pressed in E. coli grown in shaking culture flasks.
This is on average 10 times higher than most scFv

Ž .constructs Ghahroudi et al., 1997 . With other
expression systems it is even possible to obtain
higher yields of VHH expression. Production lev-
els of 9.3 mg�l�OD660 or �250 mg secreted
protein per litre of Saccharomyces yeast culture

Žin shake flasks could be obtained Frenken et al.,
.2000 . This suggests that in high cell-density fer-

Žmentation, with ODs of over 100 40�80 g dry
.weight per litre , a production level of over 1 g�l

should be achievable. Of course, variations in the
expression levels of different VHH are observed
frequently, but so far no specific amino acid could
be identified that would explain this observed
expression variability. It is postulated that the
screening of the VHH for the desired antigen-
binding specificity should preferably be per-
formed directly in the final production organism,
to avoid the reduced expression yields upon
changing the expression host. It would therefore,
in this context be an advantage if one could
develop VHH screening methods in yeast, in case
this organism is selected as expression host.

In preliminary tests we also cloned the VHH in
tobacco plants and estimated a functional VHH
production yield of 0.5 �g�g leaf, corresponding

Žto 0.1% of the total protein extract K.B. Vu,
.personal communication . Thus, transgenic plants

might be an economic alternative to produce ex-
Žtremely large amounts of VHH Benvenuto et al.,

.1991 .
Recombinant VHH can be purified following

various procedures. The most versatile bacterial
expression systems direct the expressed VHH to-

Ž .wards the periplasm Skerra, 1993 . Proteins in
this compartment are folded and the oxidising
environment stimulates the disulfide bond forma-
tion, leading to functional VHH. A simple os-

Ž .motic shock Skerra and Pluckthun, 1988 extracts¨
the majority of the periplasmic proteins that are
already highly enriched in VHH. Further purifi-
cation is most conveniently achieved by IMAC
Ž .Immobilised Metal Affinity Chromatography
when the recombinant VHH are cloned with a
His C-terminal tag. Alternatively, the llama VHH6
or the ‘camelised’ human VH can be purified by
Protein A chromatography. Most Fv possessing

Ž .VH of subgroup III Sasso et al., 1991 , most
Ž .llama VHH van der Linden et al., 1999 , the

Žcamelised human VH Davies and Riechmann,
.1995; Riechmann and Muyldermans, 1999 , and a

Žminor fraction of dromedary VHH Ghahroudi et
.al., 1997 can all be adsorbed by Protein A con-

taining supports. This purification scheme has the
additional advantages that only the properly
folded molecules are retained.

Finally, the production of VHH as inclusion
bodies should also facilitate the purification be-
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cause the unfolded VHH are readily folded into
functional entities when denaturing agents are
removed by dialysis or brought under the critical
concentration by dilution.

2.6.2. Solubility and stability of recombinant VHH
The VH within conventional antibodies inter-

acts through large hydrophobic areas with the VL
and CH1 domains. Consequently, the separate
expression of the VH domain leads to formation
of inclusion bodies, or to a folded domain con-
taining large hydrophobic patches on its surface
that renders this polypeptide sticky. In contrast,
the VHH domains are naturally soluble because
of the substitutions of hydrophobic by hydrophilic
residues in the framework-two region. It has been
experimentally shown that replacing the hy-
drophobic framework-two residues in human con-
ventional VH by the camelid specific sequences
results in increased solubility and lack of aggrega-

Ž .tion Davies and Riechmann, 1996b . In addition,
the absence of engineered structures, such as

Žlinkers which may lead to aggregation e.g. as
.observed for scFv , promotes the solubility of

VHH, even at concentrations above 10 mg�ml.
The VHH tested so far are remarkably stable:

three VHH retained 100% and one VHH re-
Žtained 80% of its binding activity after a 200-h 1

. Ž .week incubation at 37�C Ghahroudi et al., 1997 .
Therefore, it seems that the VHH will have a very
good ‘shelf-life’. Interestingly, the VHH with the
slightly reduced shelf-life was the only one of the
VHH tested that lacked an interloop disulfide
bond. In addition, purified recombinant VHH
recognising lysozyme or �-lactamase retained full
antigen-binding activity after a 24-h incubation in

Žmouse serum at 37�C K. Conrath, personal com-
.munication . It is, therefore, expected that the

VHH will also perform well in vivo.
VHH also exhibits a good thermal resistance.

Ž .Davies and Riechmann 1995 followed the ther-
mal denaturation of the camelised, human VH by
CD and observed that the introduction of an
interloop disulfide bond significantly improves the
stability of the isolated domain. Melting tempera-

Ž .tures T as high as 72�C were observed. Twom
out of six llama VHH directed against azo-dyes
performed even better. These were able to bind

antigen specifically at temperatures as high as
90�C, whereas all mouse monoclonal antibodies
against the same antigen loose their functionality

Ž .at this temperature van der Linden et al., 1999 .
Therefore, at least some of the camelid VHH can
for example be used in solutions that are pas-
teurised without losing the ability to interact with
the antigen.

The resistance of VHH against the denaturing
Žeffect of chaotropic reagents urea, guanidinium

.hydrochloride and ammonium isothiocyanate was
tested. The fully denatured state of the purified
VHH could not always be obtained with urea, and
the guanidinium denaturation confirmed the
stable protein fold. The observation that the fully
guanidinium-denatured VHH refolded immedi-
ately upon diluting the solution into water sug-
gests that the VHH should easily refold from
inclusion bodies. More importantly, the robust
property against various denaturing conditions
suggests that VHH might be extremely powerful

Ž .as immuno-adsorbents Berry and Davies, 1992
or could be used as detection probes in biosen-
sors. The efficient refolding from strongly dena-
turing conditions further supports the possibility
to sanitise and to regenerate the VHH multiple
times.

2.6.3. Recombinant VHH are specific and bind their
antigen with nanomolar affinity

The VHH isolated from the immunised li-
braries are highly specific for the target antigen,
and do not cross-react with other non-related

Ž .antigens Ghahroudi et al., 1997 . For example,
the cAb-Lys3 that was retrieved by hen egg-white
lysozyme, recognises the hen lysozyme and the
turkey lysozyme that differs by only six conserved
amino acids substitution, but no reaction was
observed with the more distantly related human
lysozyme. VHH could also be obtained that dis-
criminate the surface antigen of different hepati-

Žtis serotypes M. Lauwereys, personal communi-
.cation .

We routinely measure the affinity of the puri-
fied, monomeric antigen binders selected from

Ž .the immunised libraries Table 1 . The determi-
nation of the kinetic rate constants k and kon off

Ž .by resonant mirror IAsys, Fisons yielded values
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between 104�106 M�1 s�1 and 10�2 �10�4 s�1,
respectively. This results in K in the nanomolard

Ž .range Muyldermans and Lauwereys, 1999 . Af-
finities in the same range were also observed for

Žthe binder to the azo-dye hapten, RR6 Spinelli et
.al., 2000 . Thus, the affinity of the selected VHH

domains for their respective antigen is similar to
the affinity of monomeric scFv fragments derived
from monoclonal antibodies. Although the syn-
thetic camelised human VHH library might be
much better for isolating model hapten binders
such as phenyloxazolon, we see from Table 1 that
the antigen affinities of the VHH from the immu-
nised libraries are 100�1000 times better than the
camelised human VHH against the same model
proteinaceous antigens. Similarly, we expect that
the VHH from immunised libraries will be 10�100
times better than most scFv isolated from naıve¨
or synthetic libraries. However, these latter li-
braries can sometimes yield highly specific bin-
ders with affinities in the subnanomolar range
Ž .Vaughan et al., 1996 .

2.6.4. Dromedary VHH recognise unique
conformational epitopes

The antigen-binding surface of conventional
antibodies forms a flat or concave surface, de-
pending on the antigen, being a protein or hap-

Žten, respectively Webster et al., 1994; Padlan,
.1996 . Since large exposed loops are normally not

encountered in conventional antibodies, these
antibodies cannot bind into large cavities on the
antigen surface. However, grooves and cavities
play a critical role in multiple biological activities
as these often form the specific interaction site
between two molecules, e.g. receptor-ligand or

Ž .enzyme-substrate Laskowski et al., 1996 . Anti-
bodies that specifically bind into such active sites
therefore represent powerful tools to modulate
biological activities.

Upon immunisation of dromedaries with en-
zymes, significant proportions of the HCAb gen-
erated are competitive enzyme inhibitors that in-

Žteract with the cavity of the active site Lauwereys
.et al., 1998 . In contrast, conventional monoclonal

antibodies that are competitive enzyme inhibitors
are, by far, more the exception than the rule. It is,
therefore, clear that camelid heavy chain anti-

bodies recognise unique epitopes that are cur-
rently out of reach for conventional antibodies.

This was corroborated by the isolation of re-
combinant VHH that bind specifically into cavi-

Žties on the surface of enzymes Desmyter et al.,
.1996; Lauwereys et al., 1998 . Inhibitory VHH

have been isolated against a variety of enzymes
including lysozyme, carbonic anhydrase, �-

Žamylase and �-lactamase Lauwereys et al., 1998;
.K. Conrath, personal communication .

In particular, the long CDR3-loop of the in
vivo matured VHH from a dromedary HCAb
accounts usually for most of the binding interac-
tion with the antigen. The crystal structure of an

Ž .anti-lysozyme VHH, the cAb-Lys3 Fig. 3 left ,
which was identified as an inhibitor, gave a satis-
factory explanation for the efficient blocking of
the enzyme. This VHH carries a long CDR3 loop
of 24 amino acids, of which the first 10 amino
acids form a loop that extends from the remain-
ing antigen-binding site and inserts into the active
site of the lysozyme. This was the first example of
an antigen-binding site with a large protruding
loop. Most antibodies reacting with large antigens
form a surface that is essentially flat, eventually
with some small undulations from individual

Žside-chains that protrude Webster et al., 1994;
.Padlan, 1996 . The residues of the protruding

loop of cAb-Lys3 interact with the catalytic
residues of the enzyme and seven consecutive
amino acids forming the bulge of the loop mimic

Žthe natural substrate of the enzyme Transue et
.al., 1998 . It was therefore hypothesised that the

long CDR3 of the VHH could be a perfect lead
to design new drugs against various enzymes
Ž .Sheriff and Constantine, 1996 . However, the
observation that the catalytic activity of some
enzymes can be blocked totally by VHH with a

Žmuch shorter CDR3 loop e.g. cAb-AMD9 in-
hibits �-amylase and contains a CDR3 of nine

.residues indicates that the insertion of a long
protruding CDR3 loop into the active site cleft
will not be the only mechanism to block the
antigenic enzyme. The recent crystal structure of
R2, an anti-hapten llama VHH, indicates that the
non-canonical conformation of the CDR1 loop
might also be sufficiently separated from the other
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antigen-binding loops to interact with cavities on
Ž .the antigen surface Spinelli et al., 2000 .

The capacity of binding in the cavities on the
antigenic surface or to inhibit the enzymatic activ-
ity of enzymes might also be maintained in the
VHH extracted from synthetic libraries. Support
for this statement was given by Martin et al.
Ž .1997 , who isolated a hepatitis C protease inhibi-
tor from the camelised human VH library. Re-
markably, the binder was selected from the
library with only 11 amino acids in its CDR3.
Again, this observation demonstrates that the
presence of a long CDR3 in the VHH is not a
prerequisite for the enzyme inhibition.

2.6.5. Homology of VHH to human VH sequences
Over the last 15 years more than 200 anti-

bodies have made it into the clinic, illustrating
the diagnostic and therapeutic value of anti-
bodies. One major drawback is that the large
majority of the present therapeutic antibodies are
of murine origin, and that these can elicit an

Žimmune response in the patient Courtenay-Luck
.et al., 1986 . Some of the toxicity seen with mouse

antibodies has been resolved by shuffling the
murine and human antibody sequences to various
extends to construct chimeric, humanised, or ve-

Žneered antibodies Boulianne et al., 1984; Riech-
.mann et al., 1988; Padlan, 1991 .

VHH provide opportunities to develop a new
generation of minimal sized therapeutic anti-
bodies where the unique features of VHH offer
added value over conventional antibody frag-
ments. The sequence comparison of the human
VH and dromedary VHH demonstrates their high
degree of identity. The ‘humanisation’ of camel
VHH is consequently more straightforward as
compared to their murine counterparts because
they are smaller and more homologous to human

Ž .antibodies Vu et al., 1997 . Based on the struc-
tural information of VHH, we foresee that most
of the substitutions other than the key camel-
specific substitutions in framework-two can be
replaced by the human sequence without altering
the performance of the VHH. The VHH will
therefore be good candidates to humanise by

Ž .veneering, as devised by Padlan 1991 . Evidently,
the VHH-specific residues in the framework-two

should not be modified since they are either in-
volved in the interaction with the long CDR3 or
they are solvent exposed and essential for the
single-domain nature and the unique physico�
chemical features of the isolated VHH.

2.7. Possible applications fields for VHH

The VHH are distinguished from the scFv by
their unique properties of: size; stability; solubil-
ity; ease of cloning a library and selecting highly
antigen-specific binders that were matured in vivo;
expression yield; and a less complex paratope.
Obviously, these features should lead to a num-
ber of applications where VHH should perform
better than other antibody formats. Their advan-
tages as detection units on biosensors or usage in
immuno-adsorbents, or to generate potent com-
petitive enzyme inhibitors were already discussed.
We will now focus on the possibility to develop
VHH as:

� in vivo imaging agents;
� leads to derive peptide-based drugs;
� modular building blocks for manifold con-

structs; and
� intrabodies.

2.7.1. VHH as in �i�o imaging agent
Fast and reliable in vivo diagnosis at an early

stage of the disease remains one of the major
challenges in infections and cancer diagnosis. The
ideal cancer-imaging agent should deliver an
amount of label sufficient to detect the smallest
metastases against a low level of non-specific
background signal. It should localise promptly by
penetrating the tumour and bind to its target
antigen with high affinity without staining the
necrotic area. In addition, the unbound conjugate
should clear rapidly from the system to reduce
the time between administration and imaging,
and minimise whole body exposure to the radia-
tion.

Commercial imaging agents and those in clini-
cal trials are derived from murine monoclonals.
The complete antibodies suffer from immuno-
genicity, while slow clearance and poor tumour
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penetration, because of size, lead to a high back-
ground. The reduced sizes of antibodies, such as
scFv have improved biodistribution and faster re-

Ž .nal clearance Yokota et al., 1992 . However, scFv
tend to be unstable, have, usually, a low affinity
and may accumulate into necrotic areas.

The minimal sized VHH-based imaging agents
would represent a valuable alternative in this
respect. The superior penetration potential of
VHH due to their smaller size, combined with
high affinity target binding and fast clearance
from the circulation, represents an ideal basis for
imaging purposes. We recently obtained evidence
in a murine tumour model that tumour-specific
VHH are cleared more rapidly from the circula-
tion than a scFv, but still can specifically localise

Žto the tumour site V. Cortez-Retamozo and H.
.Revets, personal communication . A few hours

after administration, a tumour to blood ratio
above 10 could be demonstrated with a radio-
labelled VHH.

VHH are easily amenable to an optimisation of
pharmaco�kinetic properties through engineering
of their size or oligomeric state. In addition, the
labelling efficiency can be increased through the
addition of reactive groups at the C-terminal end
of the VHH, diminishing the risk to modify criti-
cal residues involved in binding.

Probably, a successful imaging agent can form
the basis for the development of a second genera-
tion radio-immuno-therapeutic. However, this
would require the repeated administration of high
doses of VHH, and therefore, the VHH should
not be immunogenic. We analysed the possible

Žimmunogenicity of our VHH in mice H. Revets,
.personal communication , and failed to indicate

the presence of circulating immunoglobulins di-
rected against the VHH that was injected intra-
venously, even after repeated doses. In addition,
we could not demonstrate a T-cell response
against the dromedary VHH in the treated mice.
At least from the mouse model system it seems
that the VHH have the potential to generate
potent in vivo therapeutics.

2.7.2. VHH-deri�ed peptide-based drugs
In order to increase the therapeutic window of

certain protein-based drugs from an acute to a

chronic application, several biotech and phar-
maceutical companies attempt to design and pro-
duce small-molecular peptide derivatives that re-
tain the activity and specificity of the original
protein. Peptides have a broad range of potential
clinical benefits, with applications in major dis-
ease areas, such as: immune system disorders;
cancer; and cardiovascular and neurological dis-

Ž .orders Latham, 1999 .
It is hypothesised that the antigen-specific VHH

might constitute better leads for a drug design
Žapproach than scFv Sheriff and Constantine,

.1996 . The antigen-binding site of conventional
antibodies is dispersed over six CDR-loops on two

Ž .domains Padlan, 1996 . In contrast, the single
domain VHH contain only three antigen binding
loops, with the unusually long CDR3 loop provid-
ing the majority of binding affinity for proteina-
ceous antigens. In the three structures of VHH-
protein complexes available so far, the VHH-
CDR3 contributes between 50 and 100% to the

Ž .antigen interacting surface Table 2 . This loop is
furthermore constrained via an intra-molecular
disulfide bond, rendering it an ideal starting point
for the design of constrained peptides mimicking
the CDR3-loop structure. In contrast, the only

ŽVHH-hapten structure that is available Spinelli
.et al., 2000 revealed the dominant role of the

first hypervariable loop in the interaction with the
dye. The contribution of the CDR1 in providing
the antigen-interacting surface was approximately
double that of the third hypervariable loop with
its 18 amino acids. However, even for this llama
VHH, it is noticed that the binding energy is
provided mainly by one loop. It should therefore
be possible to design in a first step, a peptide that
maintains much of the original antigen-binding
properties. An Ala scanning experiment on the
synthetic peptide might then reveal in the next

Ž .step the essential residues Laune et al., 1997 , so
that, ultimately, small chemical derivatives har-
bouring the specific binding specificity of the orig-
inal VHH can be generated. It is noticed that this
strategy to yield peptide mimetics can be em-
ployed even in the absence of the VHH structural
knowledge.

Overlapping synthetic peptides of the cAb-Lys3
were generated to test the feasibility of this ap-
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Table 2
2˚Ž .Interaction surface area of CDR with antigen in A and the

Ž .contribution in % of each CDR is given for the four VHH
crystal structures solved in complex with their antigen

CDR3 K Surface CDR1 CDR2 CDR3D
3˚Ž . Ž . Ž .AA nM A

cAb-Lys3 24 65 847 14.2% 15.4% 70.4%
cAb-RN05 12 35 570 43.9% � 56.1%
cAb-CA05 19 72 619 8.0% 1.0% 91.0%
R2 16 22 295 43.0% 33.6% 23.4%

proach. The peptides that contained the CDR3
loop sequences retained considerable binding

Žaffinity to lysozyme C. Granier and D. Laune,
.personal communication and were shown to be

competitive inhibitors. Thus it is concluded that
the cavity binding propensity of the CDR3 of
VHH can, therefore, form the ideal lead to de-
sign peptidomimetic-based drugs acting as en-
zyme inhibitors, and probably also as receptor
agonists or antagonists.

It is evident that the VHH that are retrieved

from a synthetic library, in which the CDR3 is the
only randomised region, will be even more effi-
cient in the design of peptide mimetics, since only
the CDR3 of the antigen binder is different from
the non-binders in the library.

2.7.3. VHH as modular building blocks for manifold
constructs

Expanding the applications of conventional
antibodies through the design of antibodies with
multiple functions requires extensive protein en-
gineering skills. An abundance of applications
becomes available for bispecific antibodies or
other immuno-fusions.

2.7.3.1. Bispecific and multi�alent antibodies. Biva-
Ž .lent and bispecific antibodies Fig. 6 have many

practical applications in immuno-diagnosis and
therapy. Bivalency can allow antibodies to bind to

Žantigens with great avidity Rheinnecker et al.,
.1996; Terskikh et al., 1997 . Bispecificity permits

the cross-linking of two antigens, for example in

Ž . Ž .Fig. 6. Bivalent left and bispecific right antigen-binding constructs formed by expression of tandemly cloned scFv or VHH,
separated by a linker. Bispecific antigen-binding constructs are generated by cloning two conventional scFv of different specificities

Ž A B . Ž .spaced by a long linker scFv �scFv or by a shorter linker and scrambling the VH and VL domains diabodies . Also, the VHH
of different specificities can be cloned and expressed as one polypeptide with a linker. We selected the upper structural hinge of
dromedary IgG2a in our VHH-based constructs.
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recruiting cytotoxic T-cells to mediate killing of a
Žtumour cell Bohlen et al., 1993; Kurucz et al.,

.1995 . The ideal characteristics of a multispecific
antibody are: minimal size; absence of a linker
peptide prone to aggregation or susceptible to
proteolysis; high expression yields; high solubility;
and high stability.

Bivalent or bispecific constructs of scFv have
been obtained by tandem cloning of two scFv,
each binding to the same or to a different antigen
or epitope, respectively, and spaced by a linker

Ž .peptide Fig. 6 . These constructs, therefore, con-
tain three linkers and are prone to aggregation.
So unfortunately, large-scale clinical development
is being hampered by low expression levels and
sensitivity to proteolytic degradation at the level
of the three synthetic linkers. An alternative was

Ž .experimentally tested by Holliger et al. 1993 by
Ž .linking the VH gene of a first antibody A and

Ž .the VL gene of a second antibody B with a
shortened linker, and vice versa. The co-expres-
sion of these two hybrid scFv in the same cell
created two polypeptide chains, VHA�VLB and
VHB�VLA, that are forced to dimerise since the
shortened linker does not allow pairing of the
domains within one polypeptide chain. The het-
erodimers of these two polypeptide chains carry
two antigen-binding sites in the same molecule,

Ž .but homodimers are non-functional Fig. 6 . The
functional expression of these, so-called dia-
bodies, is often low because homo- and het-
erodimers are equally well formed. Moreover, the
aberrant angle between the VH�VL pairs may be

Ž .detrimental for antigen binding Hudson, 1998 .
Thus, diabodies and scFv , which are low2

molecular weight bivalent or bispecific antibody
fragments, with a size similar to that of a Fab
fragment, have run into the same problems of low
recovery because of unproductive association
between the VH and VL chains of two different
antibodies. We realise that camelid VHH offer a
clear opportunity in each application where bi-
specific or multivalent antibodies are needed.

The generation of bispecific and bivalent con-
structs with VHH is straightforward because the
intact antigen-binding site is contained in one

Ž .domain Fig. 6 . Moreover, VHH are soluble and
remarkably robust, allowing a high versatility as

building blocks for manifold constructs. We suc-
cessfully expressed tandemly cloned VHH with
different or an identical antigen specificity, spaced
by the natural structural upper hinge of camel
HCAb. The resulting bispecific and bivalent pro-
teins were expressed in bacteria in shake flasks at
yields of 0.5-mg purified constructs per litre cul-

Ž .ture Conrath et al., 2001 . These bifunctional
constructs based on individual VHH with differ-
ent specificities retained fully the original functio-
nality. There was no sign of dimerisation or ag-
gregation of the polypeptide chains. Furthermore,
the choice of the natural hinge provides a good
serum stability of the constructs. It also allows
sufficient mobility of the individual VHH so that
the original antigen recognition of both subunits
is not impeded.

2.7.3.2. Immunofusions. An extension of the above
approach consists of replacing one of the VHH by
a toxin or enzyme resulting in functional im-

Žmuno-fusions Reiter and Pastan, 1996; Senter et
.al., 1988 . Cancer therapy based on immunotox-

ins, i.e. a tumour-specific antibody chemically or
genetically fused to a toxin, is a valid therapeutic
option. This is the basis of the ‘magic bullet’
approach, whereby an antibody is used as a deliv-
ery vehicle for the toxin, thereby limiting the

Žtoxin dose resulting in less side effects e.g. toxic-
ity towards healthy tissue, immunogenic response

.to the toxin . The toxin can also be replaced by an
Ženzyme e.g. prodrug activation via antibody�en-

. Žzyme fusions , or a radioactive ligand e.g. radio-
.immunotherapy .

The first antibody therapeutics in cancer
patients were directed to lymphomas because
these tumours are easily accessible in the blood-
stream. Antibodies that can fight solid tumours
should have high affinity for a tumour-specific
antigen and an optimal size to deliver the highest
dose of label or toxin.

We think that VHH are excellent vehicles to
deliver toxins to particular tumour targets. Given
the small molecular weight of VHH, the tumour
penetration potential of VHH is expected to be
superior to that of conventional antibodies. The
inherent solubility and stability turn VHH into
the most versatile building block for manifold
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constructs. All these features are beneficial to
keep the size of the immunofusion minimal for
optimal tissue penetration and clearance rate.
Finally, VHH recognises other conformational
epitopes than conventional antibodies recognise.
Therefore, VHH-based immuno-toxins may tar-
get presently unexplored or unrecognised tumour
antigens.

The construction of immuno-toxins with VHH
is straightforward because the intact antigen bind-
ing site is contained in one single domain that can
easily be fused genetically to any other protein of

Ž .choice enzymes, toxins, etc. . We have success-
fully constructed a bifunctional fusion between a
lysozyme-specific VHH and bacterial alkaline

Žphosphatase K. Silence, personal communica-
.tion . This construct retained the specific binding

to lysozyme and the phosphatase enzymatic activ-
ity. The apparent antigen-binding affinity in-
creased because the alkaline phosphatase is ex-
tracted from the periplasm as a dimer, and there-
fore we also obtained two VHH moieties per
molecule.

2.7.4. VHH as intrabodies
ŽThe intracellular expression of antibodies in-

.trabodies is a powerful strategy to inhibit in vivo
function of selected molecules, but it is limited by
the unpredictable behaviour of antibodies when

Žintracellularly expressed Cattaneo and Biocca,
.1999 . Intrabodies may hold promise for a variety

of applications including plant biotechnology, hu-
man gene therapy and functional genomics. A
most illustrative example of this approach was

Ž .given by Tavladoraki et al. 1993 who demon-
strated that the expression of antibody fragments,
against the coat protein of artichoke-mottled-
crinkled virus, in tobacco plants reduced the pro-
duction of infective virus particles. The availabil-
ity of inhibitory, antagonistic or agonistic anti-
bodies would increase the success rate and
broaden considerably the applicability of the in-
trabody technology. In the same vein, it is ex-
pected that the expression within one cell, of
multiple intrabodies, each binding to a different
antigen, might be far more effective to combat,

Žfor example, a viral infection Rondon and
.Marasco, 1997 . Indeed, it should be no problem

to generate multicistronic constructs of multiple
dromedary VHH genes each separated by an

Ž .internal ribosomal entry site IRES , and to co-
express all these as intrabodies. The single do-
main nature of each VHH will avoid their aggre-
gation so that each of them could interfere with
the proper function of their target.

Finally, the intracellular expression of multido-
Ž .main antibodies scFv has proven problematic

due to incorrect assembly of the VH and VL
Žchains and proteolytic degradation of the syn-

.thetic linkers. Although some selected scFv have
been functionally expressed in mammalian cells
Ž .Visintin et al., 1999 , the more versatile expres-
sion of libraries of scFv still awaits experimental
proof.

The high ratio of antigen binders obtained in a
small VHH library of an immunised dromedary
opens, theoretically, the possibility to construct,
immediately, a VHH intrabody library in mam-
malian cells and to screen the transformants indi-
vidually for the antigen targeting and possible
interference with target function.

Acknowledgements

The author thanks the staff, numerous students
and scientists of the VUB, Departments of Cellu-
lar Immunology, Parasitology and Ultrastructure.
Much of this work would not have been possible
without the help of the research groups of: CVRL,
Dubai; NRCG, Iran; I.A.V. Hassan II Rabat,
Morocco, and the collaboration with Dr D. Laune
and C. Granier of CNRS, Montpellier. Special

Žthanks go to Dr L. Frenken Unilever, Vlaardin-
. Ž .gen and M. Harmsen DLO, Lelystad for pro-

viding manuscripts prior to publication. The work
was financially supported by the VIB, IWT, FWO,
OZR-VUB and EEC grants.

References

Al-Lazikani, B., Lesk, A.M., Chothia, C., 1997. Standard con-
formations for the canonical structures of immuno-
globulins. J. Mol. Biol. 273, 927�948.

Benvenuto, E., Ordas, R.J., Tavazza, R. et al., 1991. ‘Phytoan-
tibodies’: a general vector for the expression of immuno-
globulin domains in transgenic plants. Plant Mol. Biol. 17,
865�874.



( )S. Muyldermans � Re�iews in Molecular Biotechnology 74 2001 277�302 299

Berry, M.J., Davies, J., 1992. Use of antibody fragments in
immunoaffinity chromatography. J. Chromatogr. 597,
239�245.

Better, M., Chang, C.P., Robinson, R.R., Horwitz, A.H., 1988.
Escherichia coli secretion of an active chimeric antibody
fragment. Science 240, 1041�1043.

Bird, R.E., Hardman, K.D., Jacobson, J.W. et al., 1989.
Single-chain antigen binding protein. Science 241, 423�426.

Bohlen, H., Manzke, O., Patel, B. et al., 1993. Cytolysis of
leukemic B-cells by T-cells activated via two biospecific
antibodies. Cancer Res. 53, 4310�4314.

Borrebaeck, C.A.K., Malmborg, A.C., Furebring, C. et al.,
1992. Kinetic analysis of recombinant antibody�antigen
interactions: relation between structural domains and anti-
gen binding. Biotechnology 10, 697�698.

Boss, M.A., Kenten, J.H., Wood, C.R., Emtage, J.S., 1984.
Assembly of functional antibodies from immunoglobulin
heavy and light chains synthesised in E. coli. Nucl. Acids
Res. 12, 3791�3806.

Boulianne, G.L., Hozumi, N., Shulman, M.J., 1984. Production
of functional chimaeric mouse�human antibody. Nature
Ž .Lond. 312, 643�646.

Bruggemann, M., Neuberger, M.S., 1996. Strategies for ex-¨
pressing human antibody repertoires in transgenic mice.
Immunol. Today 17, 391�397.

Cabilly, S., Riggs, A.D., Pande, H. et al., 1984. Generation of
antibody activity from immunoglobulin polypeptide chains
produced in E. coli. Proc. Natl. Acad. Sci. USA 81,
3273�3277.

Cattaneo, A., Biocca, S., 1999. The selection of intracellular
antibodies. Tibtech 17, 115�120.

Conrath, K.E., Lauwereys, M., Wyns, L., Muyldermans, S.,
2001. Camel single-domain antibodies as modular building
units in bispecific and bivalent antibody constructs. J. Biol.
Chem. 276, 7346�7350.

Chothia, C., Lesk, A.M., Gherardi, E. et al., 1992. Structural
repertoire of human VH segments. J. Mol. Biol. 227,
799�817.

Chothia, C., Lesk, A.M., 1987. Canonical structures for the
hypervariable regions of immunoglobulins. J. Mol. Biol.
196, 901�917.

Chothia, C., Lesk, A.M., Tramontano, A. et al., 1989. Confor-
Ž .mations of immunoglobulin variable regions. Nature Lond.

342, 877�883.
Courtenay-Luck, N.S., Epenetos, A.A., Moore, R. et al., 1986.

Development of primary and secondary immune responses
to mouse monoclonal antibodies used in the diagnosis and
therapy of malignant neoplasms. Cancer Res. 46, 6493.

Davies, J., Riechmann, L., 1994. Camelising human antibody
fragments: NMR studies on VH domains. FEBS Lett. 339,
285�290.

Davies, J., Riechmann, L., 1995. Antibody VH domains as
small recognition units. Bio�Technology 13, 475�479.

Davies, J., Riechmann, L., 1996a. Affinity improvement of
single antibody VH domains. Residues in all three hyper-
variable regions affect antigen binding. Immunotechnology
2, 169�179.

Davies, J., Riechmann, L., 1996b. Single antibody domains as
small recognition units: design and in vitro antigen selec-
tion of camelised, human VH domains with improved pro-
tein stability. Prot. Eng. 9, 531�537.

de Bruin, R., Spelt, K., Mol, J., Koes, R., Quattrocchio, F.,
1999. Selection of high affinity phage antibodies from phage
display libraries. Nat. Biotechnol. 17, 397�399.

de Haard, H.J., van Neer, N., Reurs, A. et al., 1999. A large
non-immunised human Fab fragment phage library that
permits rapid isolation and kinetic analysis of high affinity
antibodies. J. Biol. Chem. 274, 18218�18230.

Decanniere, K., Desmyter, A., Lauwereys, M., Ghahroudi,
M.A., Muyldermans, S., Wyns, L., 1999. A single-domain
antibody fragment in complex with RNase A: non-canoni-
cal loop structures and nanomolar affinity using two CDR
loops. Structure 7, 361�370.

Decanniere, K., Muyldermans, S., Wyns, L., 2000. Canonical
antigen-binding loop structures in immunoglobulins: more
structures, more canonical classes? J. Mol. Biol. 300, 83�91.

Desmyter, A., Transue, T.R., Arbabi Ghahroudi, M. et al.,
1996. Crystal structure of a camel single-domain VH anti-
body fragment in complex with lysozyme. Nat. Struct. Biol.
3, 803�811.

Frenken, L., Hessing, J.G.M., Van den Hondel, C.A., Verrips,
C.T., 1998. Recent advances in the large-scale production
of antibody fragments using lower eukaryotic micro-
organisms. Res. Immunol. 149, 589�598.

Frenken, L., van der Linden, R.H.J., Hermans, P.W.J.J. et al.,
2000. Isolation of antigen specific llama VHH antibody
fragments and their high level secretion by Saccharomyces
cere�isiae. J. Biotechnol. 78, 11�21.

Ghahroudi, M.A., Desmyter, A., Wyns, L., Hamers, R.,
Muyldermans, S., 1997. Selection and identification of sin-
gle domain antibody fragments from camel heavy-chain
antibodies. FEBS Lett. 414, 521�526.

Glockshuber, R., Malia, M., Pfitzinger, I., Pluckthun, A., 1990.¨
A comparison of strategies to stabilise immunoglobulin Fv
fragments. Biochemistry 29, 1362�1367.

Green, L.L., Hardy, M.C., Maynard-Curie, C.E. et al., 1994.
Antigen-specific human monoclonal antibodies from mice
engineered with human Ig heavy and light chain YACs.
Nat. Genet. 7, 13�21.

Griffiths, A.D., Williams, S.C., Hartley, O. et al., 1994. Isola-
tion of high affinity human antibodies directly from large
synthetic repertoires. EMBO J. 13, 3245�3260.

Hamers-Casterman, C., Atarhouch, T., Muyldermans, S. et al.,
1993. Naturally occurring antibodies devoid of light chains.

Ž .Nature Lond. 363, 446�448.
Harding, F.A., Lonberg, N., 1995. Human antibodies from

transgenic mice. Int. Rev. Immunol. 13, 65�93.
Harmsen, M.M., Ruuls, R.C., Nijman, I.J., Niewold, T.A.,

Frenken, L.G.J., de Geus, B., 2000. Llama heavy-chain V
regions consist of at least four distinct subfamilies revealing
novel sequence features. Mol. Immunol. 37, 579�590.

Henderschot, L., 1987. Assembly and secretion of heavy chains
that do not associate post-translationally with immuno-



( )S. Muyldermans � Re�iews in Molecular Biotechnology 74 2001 277�302300

globulin heavy chain-binding protein. J. Cell Biol. 104,
761�767.

Holliger, P., Prospero, T., Winter, G., 1993. Diabodies: small
bivalent and bispecific antibody fragments. Proc. Natl. Acad.
Sci. USA 90, 6444�6448.

Hoogenboom, H.R., Griffiths, A.D., Johnson, K.S., Chiswell,
D.J., Hudson, P., Winter, G., 1991. Multi-subunit proteins
on the surface of filamentous phage: methodologies for

Ž .displaying antibody Fab heavy and light chains. Nucl.
Acids Res. 19, 4133�4137.

Hoogenboom, H.R., de Bruine, A., Hufton, S.E., Hoet, R.M.A.,
Arends, J.W., Roovers, R.C., 1998. Antibody phage display
technology and its applications. Immunotechnology 4,
309�318.

Hudson, P., 1998. Recombinant antibody fragments. Curr.
Opin. Biotechnol. 9, 395�402.

Huse, W.D., Sastry, L., Iverson, S.A. et al., 1989. Generation
of a large combinatorial library of the immunoglobulin
repertoire in phage lambda. Science 246, 1275�1281.

Huston, J.S., Levinson, D., Mudget-Hunter, M. et al., 1988.
Protein engineering of antibody binding sites: recovery of
specific activity in an anti-digoxin single-chain Fv analogue
produced in E. coli. Proc. Natl. Acad. Sci. USA 85,
5879�5883.

Kabat, E., Wu, T.T., Perry, H.M., Gottesman, K.S., Foeller, C.,
1991. Sequence of proteins of immunological interest. US
Public Health Services, NIH Bethesda, MD, Publication
No. 91�3242.

Knappik, A., Ge, L., Honnegger, A. et al., 2000. Fully synthetic
Ž .human combinatorial antibody libraries HuCAL based on

modular consensus frameworks and CDRs randomised with
trinucleotides. J. Mol. Biol. 296, 57�86.

Kohler, G., Milstein, C., 1975. Continuous cultures of fused¨
cells secreting antibody of predefined specificity. Nature
Ž .Lond. 256, 495�497.

Kurucz, I., Titus, J.A., Jost, C.R., Jacobus, C.M., Segal, D.M.,
1995. Retargeting of CTL by an efficiently refolded bispeci-
fic single-chain Fv dimer produced in bacteria. J. Immunol.
154, 4576�4582.

Kuus-Reichel, K., Grauer, L.S., Karavodin, L.M., Knott, C.,
Krusemeier, M., Kay, N.E., 1994. Will immunogenicity limit
the use, efficacy and future development of therapeutic
monoclonal antibodies? Clin. Diagn. Lab. Immunol. 1,
365�372.

Laskowski, R.A., Luscombe, N.M., Swindells, M.B., Thornton,
J.M., 1996. Protein clefts in molecular recognition and
function. Protein Sci. 5, 2438�2452.

Latham, P.W., 1999. Therapeutic peptides revisited. Nat.
Biotechnol. 17, 755�757.

Laune, D., Molina, F., Ferrieres, G. et al., 1997. Systematic
exploration of the antigen binding activity of synthetic
peptides isolated from the variable regions of immuno-
globulins. J. Biol. Chem. 272, 30937�30944.

Lauwereys, M., Ghahroudi, M.A., Desmyter, A. et al., 1998.
Potent enzyme inhibitors derived from dromedary heavy-
chain antibodies. EMBO J. 17, 3512�3520.

Lesk, A.M., Chothia, C., 1988. Elbow motion in immuno-

globulins involves a molecular ball-and-socket joint. Nature
Ž .Lond. 335, 188�190.

Mallender, W.D., Carrero, J., Voss, E.W., 1996. Comparative
properties of the single chain antibody and Fv derivatives
of mAb 4-4-20: relationship between interdomain interac-
tions and high affinity for fluourescein ligand. J. Biol.
Chem. 271, 5338�5346.

Marks, J.D., Hoogenboom, H.R., Bonnert, T.P., McCafferty,
J., Griffiths, A.D., Winter, G., 1991. Bypassing immunisa-
tion. Human antibodies from V gene libraries displayed on
phage. J. Mol. Biol. 222, 581�597.

Martin, F., Volpari, C., Steinkuhler, C. et al., 1997. Affinity¨
selection of a camelised VH domain antibody inhibitor of
hepatitis C virus NS3 protease. Prot. Eng. 10, 607�614.

Milstein, C., Neuberger, M., Staden, R., 1998. Both DNA
strands of antibody genes are hypermutation targets. Proc.
Natl. Acad. Sci. USA 95, 8791�8794.

Morea, V., Tramontano, A., Rustici, M., Chothia, C., Lesk,
A.M., 1998. Conformations of the third hypervariable re-
gion in the VH domain of immunoglobulins. J. Mol. Biol.
275, 269�294.

Murphy, J.P., Gershwin, L.J., Tatcher, E.F., Fowler, M.E.,
ŽHabig, W.H., 1989. Immune response of the llama Lama

.glama to tetanus toxoid vaccination. Am. J. Vet. Res. 50,
1279�1281.

Muyldermans, S., Atarhouch, T., Saldanha, J., Barbosa,
J.A.R.G., Hamers, R., 1994. Sequence and structure of VH
domain from naturally occurring camel heavy chain im-
munoglobulins lacking light chains. Protein Eng. 7,
1129�1135.

Muyldermans, S., Lauwereys, M., 1999. Unique single-domain
antigen binding fragments derived from naturally occurring
camel heavy-chain antibodies. J. Mol. Recognit. 12, 1�10.

Nguyen, V.K., Hamers, R., Wyns, L., Muyldermans, S., 1999.
Loss of splice consensus signal is responsible for the re-
moval of the entire CH1 domain of the functional camel
IgG2A heavy chain antibodies. Mol. Immunol. 36, 515�524.

Nguyen, V.K., Hamers, R., Wyns, L., Muyldermans, S., 2000.
Camel heavy-chain antibodies: diverse germline VHH and
specific mechanisms enlarge the antigen-binding repertoire.
EMBO J. 19, 921�931.

Nguyen, V.K., Muyldermans, S., Hamers, R., 1998. The speci-
fic variable domain of camel heavy-chain antibodies is
encoded in the germline. J. Mol. Biol. 257, 413�418.

Nieba, L., Honnegger, A., Krebber, C., Pluckthun, A., 1997.¨
Disruption of the hydrophobic patches at the antibody
variable�constant domain interface: improved in vivo fold-
ing and physical characterisation of an engineered scFv
fragment. Prot. Eng. 10, 435�444.

Nissim, A., Hoogenboom, H.R., Tomlinson, I.M. et al., 1994.
Antibody fragments from ‘single pot’ phage display library
as immunochemical reagents. EMBO J. 13, 692�698.

Padlan, E.A., 1991. A possible procedure for reducing the
immunogenicity of antibody variable domains while pre-
serving their ligand-binding properties. Mol. Immunol. 28,
489�498.



( )S. Muyldermans � Re�iews in Molecular Biotechnology 74 2001 277�302 301

Padlan, E.A., 1994. Anatomy of the antibody molecule. Mol.
Immunol. 31, 169�217.

Padlan, E.A., 1996. X-Ray crystallography of antibodies. Adv.
Prot. Chem. 49, 57�133.

Pini, A., Viti, F., Santucci, A. et al., 1998. Design and use of a
phage display library. Human antibodies with sub-
nanomolar affinity against a marker of angiogenesis eluted
from a two-dimensional gel. J Biol. Chem. 273,
21769�21776.

Rajewsky, K., 1993. The power of clonal selection. Nature
Ž .Lond. 363, 208.

Reiter, Y., Pastan, I., 1996. Antibody engineering of recombi-
nant Fv immunotoxins for improved targeting of cancer:
disulfide stabilised Fv immunotoxins. Clin. Cancer Res. 2,
245�252.

Reiter, Y., Schuck, P., Boyd, L.F., Plaskin, D., 1999. An
antibody single-domain phage display library of a native
heavy chain variable region: isolation of functional single-
domain VH molecules with a unique interface. J. Mol. Biol.
290, 685�698.

Reynaud, C.A., Dahan, A., Anquez, V., Weill, J.C., 1989.
Somatic hyperconversion diversifies the single VH gene of
the chicken with a high incidence in the D region. Cell 59,
171�183.

Rheinnecker, M., Hardt, C., Ilag, L.L. et al., 1996. Multivalent
antibody fragments with high functional affinity for a tu-
mour-associated carbohydrate antigen. J. Immunol. 157,
2989�2997.

Riechmann, L., 1996. Rearrangement of the former VL inter-
face in the solution structure of a camelised, single domain
VH antibody. J. Mol. Biol. 259, 957�969.

Riechmann, L., Clark, M., Waldmann, H., Winter, G., 1988.
Ž .Reshaping human antibodies for therapy. Nature Lond.

332, 323�327.
Riechmann, L., Muyldermans, S., 1999. Single domain anti-

bodies: comparison of camel VH and camelised human VH
domains. J. Immunol. Methods 231, 25�38.

Rondon, I.J., Marasco, W.A., 1997. Intracellular antibodies
Ž .intrabodies for gene therapy of infectious diseases. Annu.
Rev. Microbiol. 51, 257�283.

Sasso, E.H., Siverman, G.J., Mannik, M., 1991. Human IgA
Ž .and IgG F AB� 2 that bind to staphylococcal protein A

belong to the VH III subgroup. J. Immunol. 147, 1883.
Seligmann, M., Mihaesco, E., Preud’homme, J.L., Danon, F.,

Brouet, J.C., 1979. Heavy chain diseases: current findings
and concepts. Immunol. Rev. 48, 145�167.

Senter, P.D., Saulnier, M.G., Schreiber, G.J. et al., 1988.
Anti-tumor effects of antibody-alkaline phosphatase conju-
gates in combination with etoposide phosphate. Proc. Natl.
Acad. Sci. USA 85, 4842�4846.

Sheriff, S., Constantine, K.L., 1996. Redefining the minimal
antigen-binding fragment. Nat. Struct. Biol. 3, 733�736.

Shirai, H., Kidera, A., Nakamura, H., 1996. Structural classifi-
cation of CDR-H3 in antibodies. FEBS Lett. 399, 1�8.

Shirai, H., Kidera, A., Nakamura, H., 1999. H3-rules: identifi-
cation of CDR3-H3 structures in antibodies. FEBS Lett.
455, 188�197.

Skerra, A., 1993. Bacterial expression of immunoglobulin frag-
ments. Curr. Opin. Immunol. 5, 256�262.

Skerra, A., Pluckthun, A., 1988. Assembly of functional im-¨
munoglobulin Fv fragment in Escherichia coli. Science 240,
1038�1041.

Spinelli, S., Frenken, L., Bourgeois, D. et al., 1996. The crystal
structure of a llama heavy chain variable domain. Nat.
Struct. Biol. 3, 752�757.

Spinelli, S., Frenken, L., Hermans, P.W.J.J. et al., 2000.
Camelid heavy-chain variable domains provide efficient
combining sites to haptens. Biochemistry 39, 1217�1222.

Tavladoraki, P., Benvenuto, E., Trinca, S., De Martinis, D.,
Cattaneo, A., Galeffi, P., 1993. Transgenic plants expressing
a functional single-chain Fv antibody are specifically pro-

Ž .tected from virus attack. Nature Lond. 366, 469�472.
Terskikh, A.V., Le Doussal, J.-M., Crameri, R., Fisch, I.,

Mach, J.-P., Kajava, A.V., 1997. ‘Peptabody’: a new type of
high avidity binding protein. Proc. Natl. Acad. Sci. USA 94,
1663�1668.

Tonegawa, S., 1983. Somatic generation of antibody diversity.
Ž .Nature Lond. 302, 575�581.

Transue, T.R., De Genst, E., Ghahroudi, M.A., Wyns, L.,
Muyldermans, S., 1998. Camel single domain antibody in-
hibits enzyme by mimicking carbohydrate substrate. Pro-
teins Struct. Funct. Genet. 32, 515�522.

van der Linden, R., de Geus, B., Stok, W. et al., 2000.
Induction of immune responses and molecular cloning of
the heavy chain antibody repertoire of Lama glama. J.
Immunol. Methods 240, 185�195.

van der Linden, R.H.J., Frenken, L., de Geus, B. et al., 1999.
Comparison of physical chemical properties of llama VHH
antibody fragments and mouse monoclonal antibodies.
Biochim. Biophys. Acta 1431, 37�46.

Vaughan, T.J., Williams, A.J., Pritchard, K. et al., 1996. Hu-
man antibodies with sub-nanomolar affinities isolated from
a large non-immunised phage display library. Nature
Biotechnol. 14, 309�314.

Visintin, M., Tse, E., Axelson, H., Rabbitts, T.H., Cattaneo,
A., 1999. Selection of antibodies for intracellular function
using a two-hybrid in vivo system. Proc. Natl. Acad. Sci.
USA 96, 11723�11728.

Vu, K.B., Ghahroudi, M.A., Wyns, L., Muyldermans, S., 1997.
Comparison of llama VH sequences from conventional and
heavy chain antibodies. Mol. Immunol. 4, 1121�1131.

Ward, E.S., Gussow, D., Griffiths, A.D., Jones, P.T., Winter,¨
G., 1989. Binding activities of a repertoire of single im-
munoglobulin variable domains secreted from E. coli. Na-
ture 341, 544�546.

Webster, D.M., Henry, A.H., Rees, A.R., 1994. Antibody�anti-
gen interactions. Curr. Opin. Struct. Biol. 4, 123�129.

Whitlow, M., Bell, B.A., Feng, S.-L. et al., 1993. An improved
linker for scFv with reduced aggregation and enhanced
proteolytic stability. Protein Eng. 6, 989�995.

Wilson, P.C., de Bouteiller, O., Liu, Y.J. et al., 1998. Somatic
hypermutation introduces insertions and deletions into im-
munoglobulin V genes. J. Exp. Med. 187, 59�70.



( )S. Muyldermans � Re�iews in Molecular Biotechnology 74 2001 277�302302

Winter, G., Griffiths, A.D., Hawkins, R.E., Hoogenboom, H.R.,
1994. Making antibodies by phage display technology. Annu.
Rev. Immunol. 12, 433�455.

Winter, G., Milstein, C., 1991. Man-made antibodies. Nature
Ž .Lond. 349, 293�299.

Woolven, B.P., Frenken, L., van der Logt, P., Nicholls, P.J.,
1999. The structure of the llama heavy chain constant
genes reveals a mechanism for heavy-chain antibody forma-
tion. Immunogenetics 50, 98�101.

Wu, A.M., Chen, W., Raubitschek, A.A. et al., 1996. Tumor

localisation of anti-CEA single chain Fvs: Improved target-
ing by non-covalent dimers. Immunotechnology 2, 21�36.

Wu, T.T., Johnson, G., Kabat, E.A., 1993. Length distribution
of CDR H3 in antibodies. Proteins Struct. Funct. Genet.
16, 1�7.

Yokota, T., Milenic, D.E., Whitlow, M., Schlom, J., 1992.
Rapid tumour penetration of a single-chain Fv and compar-
ison with other immunoglobulin forms. Cancer Res. 52,
3402�3408.


