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COMBINATION OF RIBOSOME AND PHAGE DISPLAY FOR FAST SELECTION OF HIGH AFFINITY VHH
ANTIBODY FRAGMENTS
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Selection of antibodies using phage display involves the preliminary cloning of the repertoire of sequences encoding antigen-binding domains into phagemid, which
is considered the bottleneck of the method, limiting the resulting diversity of libraries and leading to the loss of poorly represented variants before the start of the
selection procedure. Selection in cell-free conditions using a ribosomal display is devoid from this drawback, however is highly sensitive to PCR artifacts and the RNase
contamination. The aim of the study was to test the efficiency of a combination of both methods, including pre-selection in a cell-free system to enrich the source library,
followed by cloning and final selection using phage display. This approach may eliminate the shortcomings of each method and increase the efficiency of selection. For
selection, alpaca VHH antibody sequences suitable for building an immune library were used due to the lack of VL domains. Analysis of immune libraries from the genes
of the VH3, VHH3 and VH4 families showed that the VHH antibodies share in the VH3 and VH4 gene groups is insignificant, and selection from the combined library
is less effective than from the VHHS family of sequences. We found that the combination of ribosomal and phage displays leads to a higher enrichment of high-affinity
fragments and avoids the loss of the original diversity during cloning. The combined method allowed us to obtain a greater number of different high-affinity sequences,
and all the tested VHH fragments were able to specifically recognize the target, including the total protein extracts of cell cultures.
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NCNoJib3B0OBAHUE KOMBUHALIM PUBOCOMHOIO 1 ®AroBOIro ANCNMEEB AJis BbICTPOIO
OTBOPA BbICOKOA®PUNHHbIX VHH-®PATMEHTOB AHTUTEN AJTIbINAK

tO. E. Kpasuerko, C. B. VeaHos, [. C. Kpas4derko, E. V. ®posnosa, C. M. HYymakos =
VIHCTUTYT BroopraHnydeckon xumum nvenn M. M. LLemsknHa n FO. A. OB4nHHMKOBa, Mocksa, Poccus

Cenekumst aHTUTEN C MOMOLLBIO (haroBOrO AMCNNes MpefnonaraeT npeaBapuTenbHOE KIOHUMPOBaHWE pernepTyapa NnocnefoBaTeNbHOCTEN, KOAMPYIOLLMX
aHTUreHCBA3bIBaloLLVE YHaCTKN, B (harMuay, YTO cHMTaeTCs «OyThbIIOYHBIM FOPSbILLIKOM» METOAQ, OrpaHUYMBAOLLMM UTOrOBOE pa3Hoobpasue GUbamMoTek 1
BeAyLLMM K NoTepe cnabo npeAcTaBneHHbIX BapyaHTOB ellle A0 Hadana npoLeaypbl cenekumm. OT60p B 6ECKNETOUHBIX YCIOBUSX MY NMOMOLLW PUOGOCOMHOIO
avennest IUWeH 3Toro HefocTaTka, OAHAKO OT/IMYaeTCst BbICOKOM YyBCTBUTENbHOCTLIO K apTedaktam [MUP 1 npucytcteuio PHKas. Llenbto paboTbl 6bino
vcenenoBaHne aPMEKTVBHOCTY COYETaHNA ABYX METOAOB: MPOBEAEHUS NPeaBapUTENBHON Cenekumn B GECKIETOHHON crucTeMe Anst oboralleHnst UCXOAHOM
OVBMOTEKN C MOCEAYIOLLMM KITIOHMPOBAHNEM 1 3aKITIOUUTENBHON CENEKLIMEN NMPK MOMOLLM (haroBoro ancnnest. [Npeanonaranocs, YTO Takon PEXVIM CEnexLmn
MO3BOSUT YCTPAHWTb HELOCTATKM KaXKLOro 13 METOAOB 1 MOBbICUTL 3(PEKTVBHOCTL 0THopa. [ns cenekumm ncnons3osanmv nocnegosarensHoct VHH-aHTvTen
anbnaky, yoobHble Ana NOCTPOEHUSI UMMYHHOW 61GAMOTEKM 13-3a OTCyTCTBUS VL -AOMEHOB. AHANN3 MMMYHHbIX 616noTek 13 reHoB cemerncts VH3, VHH3 n
VH4 nokasan, 4to B rpynnax reHoB VH3 1 VH4 nona VHH-aHTUTENn HeaHaumTenbHa, 1 cenekumsi 13 KOMOUHMPOBaHHOM BUOAMOTEKN MeHee 3hdeKTUBHA, YeM
13 61bnunoTekn nocnefoBatensHocTel cemenctaa VHHS. Mbl ycTaHOBUAW, YTO KOMBMHALMS PUBOCOMHOIO 1 (DaroBOro AVCMeeB MPYBOAMT K 60nee BbICOKOMY
oboralleHnio BbIcokoadhUHHbIMK hparMeHTammr 1 NMo3BONSET M3bexaTb MOTepU NCXOAHOMO PasHoobpasns npu KNOHMPoBaHUA. KOMOUHMPOBAaHHbIA METO,
MO3BOMNI MOSYHUTb BOMbLLIEE KOMMHECTBO Pa3inyHbIX BbICOKOAMMUHHBIX MOCNefoBaTeNbHOCTEN, a BCe MpoTecTUpoBaHHble VHH-dparmeHTbl okasanmcb
CMOCOBHbBIMI CNELMUHHO PACNO3HaBATE MULLIEHE, B TOM HMCAE B TOTa/bHbIX BEMKOBbIX 3KCTPaKTax KNETOYHbIX KYNLTYP.

KnioueBble cnosa: HaHoaHTuTena, VHH-aHTUTENa, prbocoMHbIi avcnnen, darosbi ancnnen, bnonarHHuHr, PDLIM4
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Monoclonal antibodies, as well as their antigen-binding
fragments, are one of the most important tools in biological
research, diagnostic applications, and disease therapy. The
traditional method of antibody identification by testing of
individual clones of hybridomas is laborous and inefficient.
More advanced approaches, including in vitro selection from
libraries of antigen-binding fragments of antibodies, simplify
the production of antibodies, and allow to select antibodies
that have certain properties, for example, the ability to block
specific interactions between a receptor and its ligand. Among
the methods of selection in vitro, phage display technology has
become the most widely used, as it allows to create libraries
of antigen-binding fragments relatively quickly and with high
reliability. This method is based on production of genetically
modified phage particles exposing antigen-binding sites of
antibodies on their surface. Selection involves incubating a
mixture of phage particles with an immobilized antigen. After
washing and elution, bound variants of phage particles are
propagated in permissive bacteria, followed by the selection of
individual variants that are most abundant in the mixture [1].
One of the drawbacks of the method is the requirement to
clone the repertoire of fragments encoding the antigen-binding
fragments into a special phagemid and then to obtain a pool of
transformed cells to produce libraries of phage particles. This
stage is considered to be the bottleneck of the method, limiting
the diversity of the resulting libraries. As a result, rare variants
of antibody fragments may be lost before the beginning of the
selection process [2]. Another disadvantage follows from the
very structure of traditional antibodies, in which the binding of
the antigen is carried out by the interaction of antigen-binding
sites located on two separate polypeptide chains. When creating
clonal libraries, the probability that the antigen-binding regions
of the heavy and light chains of a certain immunoglobulin will
be joined in one single-chain scFv antigen-binding fragment
is extremely low due to the randomness of the combinatorial
process. As a result, the final mixture contains mostly inactive
combinations of sections of heavy and light chains, which
significantly complicates the selection of scFvs with the desired
properties.

To overcome the drawback associated with the need
to transform bacteria, there have been developed several
modifications of the method, that are based on selection in
cell-free conditions, in particular, a ribosome display. This
method is based on a coupled cell-free transcription and
translation system, where complexes consisting of transcripts
(mRNA), ribosomes, and growing protein chains corresponding
to the repertoire of antigen-binding regions of antibodies are
subjected to affinity selection on the immobilized antigen. Bound
variants are amplified by RT-PCR, resulting in an enrichment
of the desired variants [3]. Although the initial diversity of the
repertoire when using this method is much higher, selection is
often biased towards variants of antigen-binding sites that are
most easily amplified in PCR [4]. It can be assumed that by
combining the methods of ribosome and phage display it will be
possible to overcome the weak spots of both methods and to
increase the overall efficiency of selection. In this case, it would
be possible to preliminarily select variants in a cell-free system,
achieving enrichment with high-affinity variants, and then clone
the resulting repertoire of fragments into a phagemid and carry
out the final selection using phage display.

Animals of the camelid family possess, in addition to
antibodies of the traditional structure, antibodies consisting
only of heavy chains of immunoglobulins (variable heavy-heavy,
VHH antibodies) [5]. This type of antibodies was formed as
a result of a mutation in the hinge region of the heavy chain,

which resulted in the deletion of the heavy and light chain
binding site. To compensate for the absence of the antigen-
recognizing region of the light chain, the VH domains of such
antibodies have longer CDR3 regions, which ensures high
affinity and specificity for the recognition of antigens. Antibodies
of this structure make it possible to obtain compact antigen-
recognition sites. The process of in vitro selection of VHH
antibodies is more efficient due to the lacking stage of random
joining of two polypeptide chains, as the resulting libraries are
devoid of inactive combinations. VHH antibodies are already
widely used for in vitro selection by phage display, and several
products were already created on their basis for diagnostic
applications and disease treatment [6].

The aim of this work was to select for VHH antibodies to
the tumor marker PDLIM4 from the immune library of alpaca
antibodies with different selection methods. We wanted to
test whether the combination of ribosomal and phage displays
allows for more efficient selection of sequences of antigen-
binding fragments with high affinity and specificity.

METHODS
Animal immunization

The source of biological material (blood) was the alpaca
(Vicugna pacos) of the camelid family. 700 pg of purified PDLIM4
protein was dissolved in complete (for primary immunization)
or incomplete (for repeated immunizations) Freund's adjuvant
(Pierce; USA) according to the manufacturer's protocol.
Immunization of alpaca was carried out in three stages (primary
and two boosts, with an interval of 3 weeks) by intramuscular
injection into the thigh of the hind leg of the animal. 4 weeks
after the last boost, 100 ml of heparinized blood was collected.
Peripheral blood mononuclear cells (PBMC) were isolated
by centrifuging with a 1.077 Ficoll solution (PanEco; Russia)
according to a standard protocol.

RNA isolation, cDNA synthesis and PCR

Total RNA was exctracted from PBMC cells using ExtractRNA
reagent (Evrogen; Russia)

in accordance with the manufacturer's recommendations.
The mRNA molecules encoding VHH fragments were used to
prepare the cDNA with the CH2-IgG-sp rev primer (Table) using
the ProtoScript cDNA kit (NEB; USA). Further amplification
was carried out using high-precision polymerase Tersus
(Evrogen; Russia) and primers AlpVHHS3 uni fwd, AlpVH4 uni
fwd, AlpVH3 uni fwd, AlpVHH-R1 and AlpVHH-R2 for creating
libraries containing collections genes VH3, VHH3 and VH4, or
with primers AlpVHH3 uni fwd, AlpVHH-R1 and AlpVHH-R2 to
create a library containing only genes from the VHH3 family (Table).

Construction of expression cassetes for selection
by ribosome display

Linear expression cassetes were prepared by performing
bridge-PCR with Ck gene fragment, which was amplified
with  primers Flag-Ck (CGGATCCGGATTACAAGGAC
GACGACGATAAGACTGTGGCTGCACC) and Ck/for 4
(AACACTCTCCCCTGTTGAAGCT); and a set of VHH fragment
sequences. Bridge-PCR was performed with primers RD1x
(GGATCCTAATACGACTCACTATAGGGAACAGACCACCATGT
CTAG) and Ck/for 4. Resulting DNA fragments were isolated
from agarose gel using the Cleanup standard (Evrogen; Russia)
reagent kit and used for ribosome display selection.
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Preparation of phagemid libraries
for phage display selection

Phagemid libraries were prepared by cloning the amplified VHH
sequences into a modified pHEN2-XB phagemid containing the
restriction sites Xbal and BamH| between the sequences of the
periplasmic localization signal PelB and c-Myc epitope at the
indicated restriction sites, using Xbal and BamHI-HF restriciton
endonucleases (NEB; USA) n T4 DNA Ligase (NEB, USA).
Phagemid libraries weretransduced into TG-1 electrocompetent
cells using the Genepulser (Bio-Rad; USA) electroporator.

Selection with ribosome display

Selection was carried out according to the method described
elsewere [7]. Briefly, the TNT T7 Quick for PCR (Promega;
USA) in vitro transcription-translation kit was used, 20 pl of
the mixture and 100 ng of expresson constructs were taken
for the reaction. The target (PDLIM4 fragment, amino acids
111-224, corresponding to the linker region between the LIM
and PDZ domains) was immobilized by the C-terminal biotin
on hydrophilic streptavidin magnetic microspheres conjugated
to streptavidin (NEB; USA) in an amount of 100 ng per 5 pl
of microspheres; microspheres treated with biotin were used
for counter-selection. Restoration of a full-size cassetes after
each selection round was performed with OneTag Onestep
RT-PCR kit (NEB; USA) and HSTaq polymerase (Evrogen;
Russia) using primers RD1x, RT1 (ACTTCGCAGGCGTAGAC)
and Kc/for 9 (AACACTCTCCCCTGTTGAAGCTCTTTGTGAC

Table 1. Primer sequences used for amplification of VHH fragments
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GGGCGAGCTCAGGCCCTGATGGGTGACTTCGCAGGCG
TAGACTTTG). Selected constructs were cloned directly after
reverse transcription step using Xbal and BamHI-HF restriciton
endonucleases (NEB; USA).

Phage display selection

Selection was carried out according to the published protocol
[8] using an antigen immobilized in accordance with the
description given above, without the counter-selection step.

Production of soluble forms of VHH fragments

Individual clones of TG-1 cells identified after selection were
used to obtain bacteriophage preparations, which were
then transduced to HB-2151 cells cultured in M9 medium.
Transduced cells were cultured on solid medium in the
presence of ampicillin, after which individual colonies were
used to obtain soluble protein in a liquid medium in accordance
with the protocol [9]. Purification was performed using Ni-NTA
magbeads (Cube Biotech; Germany) as recommended by the
manufacturer.

Evaluation of library enrichment during ribosome and
phage displays

For phage display, the assessment was carried out in
accordance with the published protocol [8]. Wells of an
immunological plate with sorbed PDLIM4 (111-224 aa) or

GAACAGACCACCATGTCTAGASAGKTGCAGSTSGTRGAGTCTGKGGGAGG
GAACAGACCACCATGTCTAGASAGGTGCAGSKGCAGGAGTCGGGCCCAGGC
GAACAGACCACCATGTCTAGASARKTGCRRSTSGTRGAGWCYGKGGGRGG
CCTTGTAATCCGGATCCGGTTGTGGTTTTGGTGTCTTGGG
CCTTGTAATCCGGATCCGGGGGGTCTTCGCTGTGGTGCG
GGTACGTGCTGTTGAACTGTTCC

AlpVHH3 uni fwd
AlpVH4 uni fwd
AlpVH3 uni fwd
AlpVHH-R2
AlpVHH-R1
CH2-1gG-sp rev

RT-PCR
amplification or
VHH sequences

Bridge-PCR
to add promoter sequence
and Ck spacer

N VHH D — S VHH TS

Selection
with ribosome

display

display Cloning of
selection selected VHH
sequences into
phagemid VHH
Xbal BamHI

Production of selected VHH clones in
soluble form fused with c-Myc epitope
and testing of their binding properties in

ELISA

VHH

Fig. 1. Schematic representation of selection process combining ribosome and phage display
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bovine serum albumin (control) were treated with preparations of
phage particles displaying VHH fragments, obtained after each
round of selection. Detection was performed using horseradish
peroxidase-labeled antibodies to phage M13 (Sino Biological;
China; cat. 11973-MMO5T-H). For selection using the ribosome
display, instead of phage particles, mixtures of mMRNA-
ribosome—protein complexes were obtained using in vitro
transcription-translation kit TNT T7 Quick for PCR (Promega;
USA). Detection was performed using antibodies to the Flag
epitope labeled with horseradish peroxidase (Proteintech; USA;
cat. HRP-66008).

Evaluation of the binding capability of individual variants
of VHH fragments

The wells of immunological plate were coated either with
PDLIM4, or with total protein extracts obtained from MBA-
MB-231 and T47D cell lines in accordance with standard
protocols, in an amount of 10 pg of cell extract per well. Next,
wells were treated with preparations of purified VHH fragments,
obtained according to the procedure described above; detection
was performed using biotinylated antibodies to the Myc epitope
(SciStoreLab; Russia; cat. PSMO0O3BN-100) and streptavidin
conjugated with horseradish peroxidase (R&D Systems; USA,
cat. DY998). To obtain statistically reliable results, each reaction
was reproduced in three independent replications.

RESULTS

Many studies on the selection of VHH fragments for various
targets are based on the use of a single primer set developed
over 15 years ago for amplifying VHH sequences [10]. Since
then, the alpaca and llama VHH3 genome locus has been

studied using deep sequencing and the sequences of all of
its genes have been determined [11]. In addition, it has been
reported that some genes of the VH4 and VHS loci can also
participate in formation of mature VHH antibodies. We collected
all known sequences of the VH3, VHH3 and VH4 genes, and
made a set of primers for amplifying all members of each of
the gene families (Table). For reverse primers, we used well-
proven sequences corresponding to unique hinge regions of
VHH antibodies. Each primer variant was tested in PCR on
alpaca cDNA generated using a primer on the CH2 region of
the immunoglobulin heavy chain, which is common to VHH
antibodies and antibodies of traditional structure. Sequencing
of individual clones showed that each of the primer variants
specifically amplifies the sequence variants belonging to the
corresponding family.

Each additional stage of amplification of the library of
VHH fragments leads to a change in the representation of the
variants and the leaching of rare sequences from it. To avoid
reducing the quality of libraries when combining ribosome
and phage displays, we modified the pHEN2 phagemid and
introduced restriction sites into primers to create ribosome
display constructs, which allowed us to directly clone the VHH
fragments into the phagemid library (Fig. 1).

In order to check whether the combination of two selection
methods can lead to an increase in its efficiency, two libraries of
VHH fragments were constructed from a common initial alpaca
cDNA: library 1 consisted solely of sequences belonging to the
VHHS family, library 2 consisted of sequences included in the
VH3, VHH3 and VH4 families. Each library was cloned into a
phagemid, and also used to generate a linear construct for
selection in a cell-free system. Phage libraries were subjected
to three rounds of selection, and libraries of linear constructs
after the first round of selection by ribosome display were

A B
2.5 2
[l VHHS3 only W VH3 + VHH3 + VH4 [l VHH3 only W VH3 + VHH3 + VH4
2 8
15 6
1 4
0.5 2
0 Round 1 Round 2 Round 3 0 Round 1 Round 2 Round 3
C D 15
Ribosome display
14 B Phage displ
1, M VHH3 only B VH3 + VHH3 + VH4 age dispiay
10 M Ribosome + phage display
10
8
5
= =5 I
0

Round 1 Round 2 Round 3
Ribosome phage phage
display display display

Round 1 Round 2 Round 3

Fig. 2. Enrichment of libraries of VHH fragments during selection: with ribosome display (A); with phage display (B); with combination of ribosome and phage display

(C). Comparison of enrichment by all methods for VHHS library (D)
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VHH-R08 VHH-R18 VHH-R21 VHH-R38 VHH-R53

Fig. 3. Comparison of binding properties of five selected VHH fragments in ELISA

divided into two parts: one was subjected to two more rounds
of selection, and the second was cloned into phagemid and
selected by phage display. After each round, the level of
enrichment of affinity fragments was estimated for each library
using direct ELISA against negative control (BSA) and the target
(PDLIM4 protein linker region). The ratios of signals obtained in
the reactions vs control were used to assess the presence of
desired VHH sequences in the library (Fig. 2).

The results showed that the library, consisting solely of
sequences of the VHH3 family, demonstrated high rates of
enrichment with affine variants in all three selection modes.
Based on this, we can conclude that the VH3 and VH4 families
do not make a significant contribution to the formation of a
variety of single-chain VHH antibodies, and their inclusion in the
resulting library is impractical. If we compare the efficiency of
selection with different methods from the library of sequences
of the VHH3 family, the selection in the ribosomal display was
much less effective than in the phage display. On average,
enrichment from round to round was 26.45% for ribosomal
and 220.4% for phage displays. At the same time, the use of a
combination of selection methods made it possible to increase
the average enrichment to 355%.

After three rounds of selection using the phage display
and the combined method, 35 individual clones were isolated
and analyzed from the final enriched libraries. Contrary to
expectations, the variety of sequences in the final library after
combined selection was higher than after selection using the
phage display method — 18 different types of sequences were
found, while in phage selection there were only 11.

To assess specificity and affinity of interactions between
selected VHH fragments and the target, five most represented
variants obtained after the combined selection were expressed
as monomers in strain HB-2151; purified using affinity
chromatography and tested by ELISA. The target was either
the PDLIM4 antigen preparation (the central part of the protein,
unique to this member of the PDLIM family), or the total protein
extracts of the MDA-MB-231 and T47D cell lines characterized
by the normal and knockout status of the PDLIM4 gene [12],
respectively (Fig. 3).

The experimental results showed that all five variants of
VHH fragments are capable to specifically bind the PDLIM4
protein. Variant VHH-R53 possess the maximum specificity in
the experiment with purified PDLIM4 protein, but at the same
time, it intensely stained a PDLIM4-negative sample of the
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protein extract from T47D cells. VHH-R08 had a slightly worse
specificity when tested on the purified protein preparation, but
showed the greatest difference in signals in experiments with
total protein extracts.

DISCUSSION

Regardless of the method of selection used, we observed
differences in the dynamics of the enrichment of functionally
active VHH fragments. It can be assumed that the proportion of
VHH antibodies for the VH3 and VH4 gene families is insignificant,
and that the combined library may contain a large number of
defective variants of VH fragments that could specifically bind
the antigen only in conjunction with the VL fragment and make
selection difficult. Perhaps some tasks may require the use of
such a combination of VHH and VH fragments. For example,
since the framework structure of antibodies of the VH4 family
of alpaca is very similar in structure to human antibodies,
such antibodies are well suited for further humanization [13].
However, for routine selections, it is preferable to use a library
containing only members of the VHH3 family.

The relatively low selection efficiency when using a ribosome
display can be attributed to two factors: the use of too mild
washing conditions that prevent the removal of low-affinity
sequences, or the systematic cross-contamination of libraries
with DNA fragments that are not completely removed at the
stage of preparation of functional units of the library. At the
same time, it should be noted that the use of more stringent
conditions for the selection and DNA removal can lead to
the destruction of the target complexes of mMRNA-ribosome—
protein. It seems that further optimization of the conditions of
this selection method can increase the efficiency of selection,
but it is unlikely to improve the result qualitatively. Interestingly,
although in the combined selection method, the efficiency of
the first round, which used the ribosome display, was relatively
low (837% enrichment versus 97% in the first round of phage
display), the final efficiency of the combined selection was
improved dramatically. Probably, this combination made it
possible to increase the representation of most capable variants
of VHH fragments at the library cloning stage into a phagemid,
while the “parasitic” sequences that persisted from round to
round when selected in the ribosome display were removed
during the subsequent round of phage display. As a result,
the combined selection method led to the elimination of the
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bottleneck which is characteristic of the phage display method.
This is also supported by the greater variety of different VHH
fragments found as a result of combined selection.

The selected variants of VHH fragments demonstrated
high specificity for the PDLIM4 protein in in vitro experiments.
However, in experiments with total protein extracts of
cells, some variants, apparently, were able to bind to other
proteins of the PDLIM family. For purpose of detecton of
the status of intracellular PDLIM4, the most promising is the
selected variant VHH-RO08, for which non-specific binding
was minimal.

[t can be concluded that the developed for combined
selection method makes it possible to achieve better results,
without increasing labor costs and selection time, whithout the
requirement to introduce additional amplification stages when
constructing phagemid libraries.
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