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and Selection of Antibodies by Phage Display
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Abstract

Recombinant antibodies as therapeutics offer new opportunities for the treatment of many tumor dis-
eases. To date, 18 antibody-based drugs are approved for cancer treatment and hundreds of anti-tumor
antibodies are under development. The first clinically approved antibodies were of murine origin or
human-mouse chimeric. However, since murine antibody domains are immunogenic in human patients
and could result in human anti-mouse antibody (HAMA) responses, currently mainly humanized and
fully human antibodies are developed for therapeutic applications.
Here, in vitro antibody selection technologies directly allow the selection of human antibodies and the
corresponding genes from human antibody gene libraries. Antibody phage display is the most common
way to generate human antibodies and has already yielded thousands of recombinant antibodies for
research, diagnostics and therapy. Here, we describe methods for the construction of human scFv gene
libraries and the antibody selection.

Key words: scFv, therapeutic antibody, phage display, panning, antibody fragment, antibody gene
library.

1. Introduction

In 2006, 18 recombinant antibodies are approved by the FDA
(US Food and Drug Administration) for oncology and hema-
tology (1). Rituximab (tradename Rituxan R©/MabThera) against
non-hodgkin-lymphoma (2) Bevacizumab (tradename Avastin R©)
primarily against colon cancer (3) and Trastuzumab (tradename
Herceptin R©) against breast cancer (4) are the top-selling recom-
binant antibodies in cancer therapy.
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In 1986, the first antibody muronomab-CD3 (tradename
Orthoclone OKT3 R©) was approved for therapy and was still
of murine origin (5). Mouse-derived monoclonal antibodies are
problematic as repeated administration of mouse-derived anti-
bodies cause human anti-mouse antibody (HAMA) responses (6).
The immunogenicity was step-wise reduced by using chimeric
and later humanized antibodies by replacing murine constant
and framework regions with the human counterparts, respectively
(7). Accordingly, the next therapeutic antibodies were chimeric,
e.g. Infliximab (tradename Remicade) (8) or Cetuximab (trade-
name Erbitux R©) (9), and later humanized, e.g. Trastuzumab (4).
The use of fully human antibodies is thought to further reduce
the immunogenicity. In 2002, the first fully human antibody
arrived on the market. Adalimumab (tradename Humira R©) was
isolated engineered using antibody phage display (10) by guided
selection (11).

Currently, two major strategies are used for the generation of
human antibodies: transgenic mice and in vitro selection tech-
nologies. Transgenic mice contain the human immunoglobu-
lin repertoire instead of the murine, allowing the generation of
human antibodies by the hybridoma technology (12–14). An
advantage of transgenic mice is the in vivo affinity maturation.
Already, transgenic mice yielded a significant number of antibod-
ies that reached clinical studies. The disadvantages are limitations
with respect to toxic and conserved antigens (15).

The alternative is the generation of human antibodies by anti-
body phage display, which is completely independent from any
immune system by an in vitro selection process, called “panning.”
The first antibody gene repertoires in phage were generated and
screened by using the lytic phage Lambda (16), however, with
limited success. The display method most commonly used today
is based on the groundbreaking work of Georg P. Smith (17)
on filamentous phage display. Here, the genotype and phenotype
of oligopeptides were linked by fusing the corresponding gene
fragments to the minor coat protein III gene of the filamentous
bacteriophage M13. The resulting peptide::pIII fusion protein is
expressed on the surface of phage allowing the affinity purifica-
tion of the peptide and its corresponding gene. In the same way,
antibody fragments fused to pIII can be presented on the sur-
face of M13 phage (18–23). Due to limitations of the Escherichia
coli folding machinery, complete IgG molecules can only be pro-
duced or displayed on the surface of phage in rare cases (24,
25). Mainly, smaller antibody fragments are used for antibody
phage display: the Fab fragment or the single chain Fv fragment
(scFv). Fab fragments consist of two chains, the variable (VH)
and first constant region of the heavy chain (CH1) and the light
chain (LC) of the antibody, both linked by a disulphide bond. In
contrast, scFv fragments consist of only one polypeptide chain,
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composed of the variable region of the heavy chain (VH) and
the variable region of the light chain (VL) fused by a short pep-
tide linker. Two different genetic systems have been developed
for the expression of the antibody::pIII fusion proteins for phage
display. First, the antibody genes can be directly inserted into
the phage genome fused to the wildtype pIII gene (18). How-
ever, most of the successful systems uncouple antibody expres-
sion from phage propagation by providing the genes encoding
the antibody::pIII fusion proteins on a separate plasmid (called
“phagemid”), containing a phage morphogenetic signal for pack-
aging the vector into the assembled phage particles (19–23). The
affinity of antibodies selected by phage display can be increased
by additional in vitro affinity maturation steps (26). Despite other
in vitro methods like ribosomal display (27, 28), puromycin dis-
play (29) or yeast surface display (30), antibody phage display
has become the most widely used selection method for human
antibodies. An overview about phage display derived human
therapeutic antibodies in the clinical development is given by
Thie et al. (31).

Depending on the scientific or medical applications, differ-
ent types of antibody gene libraries can be constructed and
used. Immune libraries are constructed from antibody V-genes
isolated from IgG secreting plasma cells of immunized donors
(20, 32). Immune libraries are typically generated and used
in medical research to get an antibody against one particu-
lar target antigen, e.g. of an infectious pathogen or an tumor
marker. Naive, semi-synthetic and synthetic libraries have been
subsumed as “single-pot” libraries, as they are designed to iso-
late antibody fragments binding to every possible antigen, at
least in theory. Naive libraries are constructed from rearranged V
genes from B cells (IgM) of non-immunized donors. An exam-
ple for this library type is the naive human Fab library con-
structed by de Haard et al. (33). Semi-synthetic libraries are
derived from unrearranged V genes from pre B cells (germline
cells) or from one antibody framework with genetically random-
ized complementary determining region (CDR) 3 regions, as
described by Pini et al. (34). A combination of naive and syn-
thetic repertoire was used by Hoet et al. (35). They combined
light chains from autoimmune patients with a fd fragment con-
taining synthetic CDR1 and CDR2 in the human VH3-23 frame-
work and naive, which originated from autoimmune patients,
CDR3 regions. The fully synthetic libraries have a human frame-
work with randomly integrated CDR cassettes (36, 37). All
library types – immune, naive, synthetic and their intermedi-
ates – are valuable sources for the selection of antibodies for
diagnostic and therapeutic purposes. To date, “single-pot” anti-
body libraries with a theoretical diversity of up to 1011 indepen-
dent clones have been generated (38) to serve as a molecular
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repertoire for phage display selection procedures. An overview
of antibody gene libraries is given by Hust and Dübel (39) and
Hust et al. (40).

2. Materials

2.1. Construction
of Antibody Gene
Libraries

2.1.1. Isolation
of Lymphocytes

1. Phosphate buffered saline (PBS), pH 7.4 (8.0 g NaCl, 0.2 g
KCl, 1.44 g Na2HPO4·2H2O, 0.24 g KH2PO4 in 1 L)

2. Lymphoprep (Progen, Heidelberg)
3. mRNA isolation Kit (QuickPrep micro mRNA Purifica-

tion Kit, GE Healthcare, Munich) or Trizol (Invitrogen,
Karlsruhe) for total RNA

2.1.2. cDNA Synthesis 1. Superscript II (Invitrogen) + 5 x RT buffer + 0.1 m DTT
2. Random hexamer oligonucleotide primer (dN6)
3. dNTP mix (2.5 mM each)

2.1.3. /2.1.4 First
and Second Antibody
Gene PCR

1. Red Taq (Sigma, Hamburg) + 10 x buffer
2. dNTP mix (10 mM each)
3. Oligonucleotide primer (see Table 11.1)
4. Agarose (Serva, Heidelberg)
5. TAE-buffer 50 x (2 M Tris–HCl, 1 M acetic acid, 0.05 M

EDTA, pH 8)
6. Nucleospin Extract 2 Kit (Macherey-Nagel, Düren)

2.1.5. First Cloning
Step – VL

1. MluI (NEB, Frankfurt)
2. NotI (NEB)
3. Buffer 3 (NEB)
4. BSA (NEB)
5. Calf intestine phosphatase (CIP) (MBI Fermentas,

St. Leon-Rot)
6. T4 ligase (Promegq a, Mannheim)
7. 3 M sodium acetate, pH 5.2
8. E. coli XL1-Blue MRF`(Stratagene, Amsterdam), geno-

type: �(mcrA)183 �(mcrCB-hsdSMR-mrr)173 endA1
supE44 thi-1 recA1 gyrA96 relA1 lac [F ´ proAB lacIq

Z�M15 Tn10 (Tetr)]
9. Electroporator MicroPulser (BIO-RAD, München)
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Table 11.1
Primers used for first and second PCR of antibody genes for antibody
gene library construction using phagemids like pHAL14. Restriction
sites are underlined
Primer 5 ′ to 3 ′ sequence

First antibody gene PCR VH

MHVH1_f cag gtb cag ctg gtg cag tct gg

MHVH1/7_f car rts cag ctg gtr car tct gg

MHVH2_f cag rtc acc ttg aag gag tct gg

MHVH3_f1 sar gtg cag ctg gtg gag tct gg

MHVH3_f2 gag gtg cag ctg ktg gag wcy sg

MHVH4_f1 cag gtg car ctg cag gag tcg gg

MHVH4_f2 cag stg cag ctr cag sag tss gg

MHVH5_f gar gtg cag ctg gtg cag tct gg

MHVH6_f cag gta cag ctg cag cag tca gg

MHIgMCH1_r aag ggt tgg ggc gga tgc act

MHIgGCH1_r gac cga tgg gcc ctt ggt gga

First antibody gene PCR kappa

MHVK1_f1 gac atc cag atg acc cag tct cc

MHVK1_f2 gmc atc crg wtg acc cag tct cc

MHVK2_f gat rtt gtg atg acy cag wct cc

MHVK3_f gaa atw gtg wtg acr cag tct cc

MHVK4_f gac atc gtg atg acc cag tct cc

MHVK5_f gaa acg aca ctc acg cag tct cc

MHVK6_f gaw rtt gtg mtg acw cag tct cc

MHkappaCL_r aca ctc tcc cct gtt gaa gct ctt

First antibody gene PCR lambda

MHVL1_f1 cag tct gtg ctg act cag cca cc

MHVL1_f2 cag tct gtg ytg acg cag ccg cc

MHVL2_f cag tct gcc ctg act cag cct

MHVL3_f1 tcc tat gwg ctg acw cag cca cc

MHVL3_f2 tct tct gag ctg act cag gac cc

MHVL4_f1 ctg cct gtg ctg act cag ccc

MHVL4_f2 cag cyt gtg ctg act caa tcr yc

MHVL5_f cag sct gtg ctg act cag cc

MHVL6_f aat ttt atg ctg act cag ccc ca

MHVL7/8_f cag rct gtg gtg acy cag gag cc

MHVL9/10_f cag scw gkg ctg act cag cca cc

MHlambdaCL_r tga aca ttc tgt agg ggc cac tg

MHlambdaCL_r2 tga aca ttc cgt agg ggc aac tg

(continued)



182 Schirrmann and Hust

Table 11.1 (continued)

Primer 5 ′ to 3 ′ sequence

Second antibody gene PCR VH

MHVH1-NcoI_f gtcctcgca cc atg gcc cag gtb cag ctg gtg cag tct gg

MHVH1/7-NcoI_f gtcctcgca cc atg gcc car rts cag ctg gtr car tct gg

MHVH2-NcoI_f gtcctcgca cc atg gcc cag rtc acc ttg aag gag tct gg

MHVH3-NcoI_f1 gtcctcgca cc atg gcc sar gtg cag ctg gtg gag tct gg

MHVH3-NcoI_f2 gtcctcgca cc atg gcc gag gtg cag ctg ktg gag wcy sg

MHVH4-NcoI_f1 gtcctcgca cc atg gcc cag gtg car ctg cag gag tcg gg

MHVH4-NcoI_f2 gtcctcgca cc atg gcc cag stg cag ctr cag sag tss gg

MHVH5-NcoI_f gtcctcgca cc atg gcc gar gtg cag ctg gtg cag tct gg

MHVH6-NcoI_f gtcctcgca cc atg gcc cag gta cag ctg cag cag tca gg

MHIgMCH1scFv-HindIII_r gtcctcgca aag ctt tgg ggc gga tgc act

MHIgGCH1scFv-HindIII_r gtcctcgca aag ctt gac cga tgg gcc ctt ggt gga

Second antibody gene PCR kappa

MHVK1-MluI_f1 accgcctcc a cgc gta gac atc cag atg acc cag tct cc

MHVK1-MluI_f2 accgcctcc a cgc gta gmc atc crg wtg acc cag tct cc

MHVK2-MluI_f accgcctcc a cgc gta gat rtt gtg atg acy cag wct cc

MHVK3-MluI_f accgcctcc a cgc gta gaa atw gtg wtg acr cag tct cc

MHVK4-MluI_f accgcctcc a cgc gta gac atc gtg atg acc cag tct cc

MHVK5-MluI_f accgcctcc a cgc gta gaa acg aca ctc acg cag tct cc

MHVK6-MluI_f accgcctcc a cgc gta gaw rtt gtg mtg acw cag tct cc

MHkappaCLscFv-NotI_r accgcctcc gc ggc cgc gaa gac aga tgg tgc agc cac agt

Second antibody gene PCR lambda

MHVL1-MluI_f1 accgcctcc a cgc gta cag tct gtg ctg act cag cca cc

MHVL1-MluI_f2 accgcctcc a cgc gta cag tct gtg ytg acg cag ccg cc

MHVL2-MluI_f accgcctcc a cgc gta cag tct gcc ctg act cag cct

MHVL3-MluI_f1 accgcctcc a cgc gta tcc tat gwg ctg acw cag cca cc

MHVL3-MluI_f2 accgcctcc a cgc gta tct tct gag ctg act cag gac cc

MHVL4-MluI_f1 accgcctcc a cgc gta ctg cct gtg ctg act cag ccc

MHVL4-MluI_f2 accgcctcc a cgc gta cag cyt gtg ctg act caa tcr yc

MHVL5-MluI_f accgcctcc a cgc gta cag sct gtg ctg act cag cc

MHVL6-MluI_f accgcctcc a cgc gta aat ttt atg ctg act cag ccc ca

MHVL7/8-MluI_f accgcctcc a cgc gta cag rct gtg gtg acy cag gag cc

MHVL9/10-MluI_f accgcctcc a cgc gta cag scw gkg ctg act cag cca cc

MHLambdaCLscFv-NotI_r accgcctcc gc ggc cgc aga gga sgg ygg gaa cag agt gac

Primer for colony PCR and sequencing

MHLacZ-Pro_f ggctcgtatgttgtgtgg

MHgIII_r c taa agt ttt gtc gtc ttt cc

MKpelB_f g cct acg gca gcc gct gg

MKmyc_r g atc ctc ttc tga gat gag
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10. 2 M Glucose (sterile filtered)
11. 2 M Magnesium solution (1 M MgCl, 1 M MgSO4)

(autoclaved)
12. SOC medium, pH 7.0 (2% (w/v) tryptone, 0.5% (w/v)

yeast extract, 0.05% (w/v) NaCl, 20 mM Mg solution,
20 mM glucose) (sterilize magnesium and glucose sepa-
ratetely; add solutions after autoclavation)

13. 2xYT-medium, pH 7.0 (1.6% (w/v) Tryptone, 1% (w/v)
Hefe Extrakt, 0.5% (w/v) NaCl)

14. 2xYT-GAT (2xYT + 100 mM Glucose + 100 μg/ml ampi-
cillin + 20 μg/ml tetracycline)

15. Ampicillin (100 mg/ml stock)
16. Tetracycline (10 mg/ml stock)
17. 9-cm petri dishes
18. 25-cm square petri dishes (“pizza plates”)
19. 2xYT-GAT agar plates (2xYT-GAT, 1.5% (w/v) agar-agar)
20. Nucleobond Plasmid Midi Kit (Macherey-Nagel)

2.1.6. Second Cloning
Step – VH

1. NcoI (NEB)
2. HindIII (NEB)
3. Buffer 2 (NEB)
4. Glycerol of 99.5% (Roth, Karlsruhe)

2.1.7. Colony PCR 1. Oligonucleotide primer (see Table 11.1)

2.1.8. Library Packaging
and scFv Phage
Production

1. 2xTY media, pH 7.0 (1.6% (w/v) tryptone, 1% (w/v) yeast
extract, 0.5% (w/v) NaCl)

2. 2xTY-GA (2xTY, 100 mM glucose, 100 μg/ml ampicillin)
3. M13K07 Helperphage for monovalent display (Stratagene)
4. Hyperphage for oligovalent display (Progen, Heidelberg)
5. 2xTY-AK (2xTY, containing 100 μg/ml ampicillin,

50 μg/ml kanamycin)
6. Sorval Centrifuge RC5B Plus, rotor GS3 and SS34

(Thermo Scientific, Waltham)
7. Polyethylene glycol (PEG) solution (20% (w/v) PEG

6000, 2.5 M NaCl)
8. Phage dilution buffer (10 mM Tris–HCl, pH 7.5, 20 mM

NaCl, 2 mM EDTA)
9. Mouse α-pIII monoclonal antibody PSKAN3 (Mobitec,

Göttingen)
10. Goat α-mouse IgG alcaline phosphatase (AP) conjugate

(Sigma, Hamburg)
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2.2. Antibody
Selection (Panning)

2.2.1. Coating
of Microtitre Wells

1. Maxisorb microtitre plates oder stripes (Nunc, Langensel-
bold)

2. PBS (pH 7.4) (8.0 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4·
2H2O, 0.24 g KH2PO4 in 1 L)

3. Dimethyl sulfoxide (DMSO)
4. PBST (PBS + 0.1% (v/v) Tween-20)

2.2.2. Panning 1. MPBST (2% skim milk in PBST, prepare fresh)
2. Panning block solution (1% (w/v) skim milk + 1% (w/v)

BSA in PBST, prepare freshly)
3. 10 μg/ml Trypsin in PBS
4. E. coli XL1-Blue MRF`(Stratagene)
5. M13K07 Helperphage (Stratagene)
6. 2xTY media, pH 7.0 (1.6% (w/v) tryptone, 1% (w/v) yeast

extract, 0.5% (w/v) NaCl)
7. 2xTY-T (2xTY, containing 50 μg/ml tetracycline)
8. SOB media, pH 7.0 (2% (w/v) tryptone, 0.5% (w/v) yeast

extract, 0.05% (w/v) NaCl, after autoclavation add sterile
1% (v/v) of the 2 M Mg solution)

9. 2 M Mg solution (1 M MgCl + 1 M MgSO4)
10. SOB-GA (SOB, 100 μg/ml ampicilin, 100 mM glucose)
11. SOB-GA agar plates (SOB-GA + 1,5% (w/v) agar-agar)
12. 15-cm petri dishes
13. 2xTY-GA (2xTY, 100 mM glucose, 100 μg/ml ampicillin)
14. Glycerol (99.5%)

2.2.3. Packaging
of Phagemids (scFv
Phage Production)

1. 2xTY-AK (2xTY, containing 100 μg/ml ampicillin,
50 μg/ml kanamycin)

2. Polyethylene glycol (PEG) solution (20% (w/v) PEG 6000,
2,5 M NaCl)

3. Phage dilution buffer (10 mM Tris–HCl, pH 7.5, 20 mM
NaCl, 2 mM EDTA)

2.2.4. Phage Titration 1. 2xTY-GA agar plates (2xTY-GA + 1.5% (w/v) agar-agar)

2.2.5. ELISA of a
Polyclonal Antibody
Phage Suspension

1. Bovine serum albumin (BSA) (prepare a 10 mg/ml stock
solution in PBS)

2. Anti-M13, horse radish peroxidase (HRP) conjugated mon-
oclonal antibody (GE Healthcare)



Construction of Human Antibody Gene Libraries 185

3. TMB substrate solution A, pH 4.1 (10 g citric acid solved
in 100 ml water, add 9.73 g potassium citrate add to 1 L
water)

4. TMB substrate solution B (240 mg tetramethylbenzidine,
10 ml acetone, 90 ml ethanol, 907 μl 30% H2O2)

5. 1 N H2SO4

2.2.6. Production
of Soluble Monoclonal
Antibody Fragments
in Microtitre Plates

1. 96-well U-bottom polypropylene (PP) microtitre plates
(Greiner Bio-One, Frickenhausen)

2. AeraSeal breathable sealing film (Excel Scientific, Victorville)
3. Thermoshaker PST60-HL4 (Lab4You, Berlin)
4. Potassium phosphate buffer (2.31% (w/v) (0,17 M)

KH2PO4 + 12.54% (w/v) (0,72 M) K2HPO4)
5. Buffered 2xTY, pH 7.0 (1.6% (w/v) tryptone, 1% (w/v)

yeast extract, 0.5% (w/v) NaCl, 10% (v/v) potassium phos-
phate buffer)

6. Buffered 2xTY-SAI (buffered 2xTY containing 50 mM sac-
charose + 100 μg/ml ampicillin + 50 μM isopropyl-beta-D-
thiogalactopyranoside (IPTG))

2.2.7. ELISA of Soluble
Monoclonal Antibody
Fragments

1. Mouse α-His-tag monoclonal antibody (α-Penta His,
Qiagen, Hilden)

2. Mouse α-myc-tag monoclonal antibody (9E10, Sigma)
3. Mouse α-pIII monoclonal antibody PSKAN3 (Mobitec)
4. Goat α-Mouse IgG serum, (Fab specific) HRP conjugated

(Sigma)
5. Oligonucleotide primers (see Table 11.1)

3. Methods

3.1. Construction
of Single-Chain
Antibody Gene
Libraries

Various methods have been employed to clone the genetic diver-
sity of antibody repertoires. After isolation of mRNA from B lym-
phocytes and preparation of cDNA, the construction of immune
libraries is usually done by a two-step cloning or assembly PCR
(see below). Very large “single pot” naive antibody gene libraries
are generally constructed by two or three separate cloning steps.
In the two-step cloning strategy, the amplified repertoire of light
chain genes is cloned into the phage display vector first. In the
second step the heavy chain gene repertoire – as the heavy chain
contributes more to diversity, due to its highly variable CDRH3 –
is cloned into the phagemids containing the light chain gene
repertoire (32, 41–44). In the three-step cloning strategy,



186 Schirrmann and Hust

separate heavy and light chain libraries are engineered. The VH
gene repertoire has then to be excised and cloned into the
phage display vector containing the repertoire of VL genes (33).
Another common method used for the cloning of naive (45, 46),
immune (20) or hybridoma (47) scFv phage display libraries is the
assembly PCR. The VH and VL genes including the additional
linker sequence are amplified separately and fused by assembly
PCR, before the scFv encoding gene fragments are cloned into
the vector. Since the CDRH3 is a major source of sequence vari-
ety in antibodies (48), the assembly PCR can be combined with
a randomization of the CDR3 regions, leading to semi-synthetic
libraries. Here, oligonucleotide primers encoding various CDR3
and J gene segments were used for the amplication of the V gene
segments of human germlines (49). Hoogenboom and Winter
(50) as well as Nissim et al. (51) used degenerated CDRH3
oligonucleotide primers to generate a semi-synthetic heavy chain
repertoire derived from human V gene germline segments. After-
wards, this VH repertoire was combined with an anti-BSA light
chain. In some cases a framework of a well known/robust anti-
body was used as scaffold for the integration of randomly created
CDRH3 and CDRL3 (52, 53). Jirholt et al. (54) and Söderlind
et al. (55) amplified all CDR regions derived from B cells before
shuffling them into this antibody framework by assembly PCR.
An entirely synthetic library was described by Knappik et al. (37)
who utilized seven different VH and VL germline master frame-
works combined with six synthetically created CDR cassettes. The
construction of large naive and semi-synthetic libraries (35, 43,
46, 56–58) requires significant effort to tunnel the genetic diver-
sity through the bottleneck of E. coli transformation, e.g. 600
transformations were necessary for the generation of a 3.5 × 1010

phage library (35).
To overcome the bottleneck of E. coli transformation, the

Cre-lox or lambda phage recombination system has also been
employed for library generation (38, 59–61). However, since
libraries with more than 1010 independent clones have also been
accomplished by conventional transformation, most of these com-
plicated methods are rendered unnecessary in particular as they
may result in decreased genetic stability.

In summary, antibodies can be selected from either type of
library, naive or synthetic (33, 35, 37). If the assembly by cloning
or PCR and preservation of molecular complexity is carefully con-
trolled at every step of its construction, libraries of more than
1010 independent clones can be generated (35).

The following protocols describe the generation of human
naive or immune scFv antibody gene libraries by a two-step
cloning strategy already approved for naive (56) and immune
libraries (32, 44).
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3.1.1. Isolation
of Lymphocytes
(Peripheral Blood
Mononuclear Cells
(PBMC))

1. Mix 20 ml fresh blood or EDTA/citric acid-treated blood
(∼2 × 107 cells) of each donor with 20 ml PBS (see Note 1).

2. Fill 10 ml Lymphoprep in a 50-ml polypropylen tube. Care-
fully cover Lymphoprep with 40 ml of the diluted blood
using a plastic pipette.

3. Centrifuge the blood with 800×g for 20 min at RT (without
brake!).

4. The lymphocytes form a distinct layer between the Lym-
phoprep and the medium, whereas the erythrocytes and
granulocytes will be pelleted. Carefully aspirate the lympho-
cytes using a plastic pipette and transfer to a new 50-ml
polypropylen tube.

5. Fill up with 50 ml PBS and pellet the lymphocytes with
250×g for 10 min at RT. Discard the supernatant (be care-
ful, the lymphocyte pellet is not solid).

6. Repeat this washing step to remove most of the thrombo-
cytes.

7. Resuspend the lymphocytes pellet in the supplied extraction
buffer of the mRNA isolation kit according to the manu-
facturers instructions or use 0.5 ml Trizol for total RNA
isolation (see Note 2). After resuspension using the mRNA
extraction buffer or Trizol, the RNA pellet can be stored
at −80◦C.

3.1.2. cDNA Synthesis 1. Set up mixture for the first strand cDNA synthesis:

Solution or component volume Final concentration

mRNA or total RNA 9 μl 50–250 ng (mRNA) or
2–20 μg (total RNA)

Random hexamer
oligonucleotide primer
(dN6) (10 μM)

2.5 μl 1.5 μM

dNTP-Mix (2.5 mM each) 5 μl 500 μM

2. Denature the RNA for 5 min at 70◦C. Afterwards directly
chill down on ice for 5 min.

3. Add following components:

Solution or component Volume Final concentration

RT buffer (5×) 5 μl 1×
0.1 M DTT 2,5 μl 10 mM
Superscript II reverse

transcriptase
(200 U/μl)

1 μl 200 U
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4. Incubate the 25 μl mixture for 10 min at 25◦C for primer
annealing. Afterwards incubate 50 min at 42◦C for first
strand synthesis.

5. Denature the RNA/DNA hybrids and the enzyme for
15 min at 70◦C. Store at −20◦C (see Note 3).

3.1.3. First Antibody
Gene PCR

1. The cDNA derived from 50–250 ng mRNA or 2–20 μg
total RNA will be used as template to amplify VH and the
light chain. Set up the PCR reactions as follows (30× mas-
termix for 27 PCR reactions):

Solution or component Volume Final concentration

dH2O 1230 μl –

Buffer (10×) 150 μl 1×
dNTPs (10 mM each) 30 μl 200 μM each

cDNA 25 μl Complete first strand
synthesis reaction

RedTaq 1 U/μl 60 μl 2 U

3. Divide the master mix in 450 μl for VH, 350 μl for kappa
and 550 μl for lambda.

4. Add to each of the three reactions the corresponding reverse
primers (see also Table 11.1) as follows (use the IgM primer
for naive antibody gene libraries or the IgG primer for a
immune antibody gene libraries):

Antibody
gene Primer Volume

Final
concentration

VH MHIgMCH1_r or
MHIgGCH1_r (10 μM)

18 μl 0.4 μM

kappa MHkappaCL_r (10 μM) 14 μl 0.4 μM
lambda MHlambdaCL_r1/_r2

mix (9:1) (10 μM)
22 μl 0.4 μM

5. Divide the mixture to 9 (VH), 7 (Kappa) and 11 (Lambda)
PCR reactions each with 48 μl and add 2 μl (10 μM, 0.4
μM final concentration) of the subfamily-specific forward
primer (see also Table 11.1):
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VH: (1) MHVH1_f, (2) MHVH1/7_f, (3) MHVH2_f,
(4) MHVH3_f1, (5) MHVH3_f2, (6) MHVH4_f1, (7)
MHVH4_f2, (8) MHVH5_f, (9) MHVH6_f

Vkappa: (10) MHVK1_f1, (11) MHVK1_f2, (12) MHVK2_f,
(13) MHVK3_f, (14) MHVK4_f, (15) MHVK5_f, (16)
MHVK6_f

Vlambda: (17) MHVL1_f1, (18) MHVL1_f2, (19) MHVL2_f,
(20) MHVL3_f1, (21) MHVL3_f2, (22) MHVL4_f1,
(23) MHVL4_f2, (24) MHVL5_f, (25) MHVL6_f, (26)
MHVL7/8_f, (27) MHVL9/10_f

6. Carry out the PCR using the following program:

94°C 1 min

94°C 1 min

55°C 1 min

72°C 2 min

72°C 10 min

30x

7. Separate PCR products by 1.5% TAE agarose gel elec-
trophoresis, cut out the amplified antibody genes (VH:
∼380 bp, kappa/lambda: ∼650 bp) (see Note 4) and purify
the PCR products using a gel extraction kit according to the
manufacturers instructions. Pool all VH, kappa and lambda
subfamilies separately. Determine the DNA concentration.
Store the three purified first PCR pools at −20◦C.

3.1.4. Second Antibody
Gene PCR

1. In the second PCR the restriction sites for library cloning
will be added. Set up the PCR reactions as follows (30×
mastermix for 27 PCR reactions) (see Note 5):

Solution or
component Volume

Final
concentration

dH2O 2500 μl –

RedTaq buffer (10×) 300 μl 1×
dNTPs (10 mM each) 60 μl 200 μM each

RedTaq 1 U/μl 120 μl 2 U
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2. Divide the master mix in 900 μl for VH, 700 μl for kappa
and 1100 μl for lambda.

3. Add to each of the three reactions the corresponding reverse
primers (see also Table 11.1) as follows:

Antibody
gene Primer Volume

Final
concentration

VH MHIgMCH1scFv-HindIII_r or
MHIgGCH1scFv-HindIII_r
(10 μM)

18 μl 0.2 μM

kappa MHKappaCLscFv-NotI_r
(10 μM)

14 μl 0.2 μM

lambda MHLambdaCLscFv-NotI_r
(10 μM)

22 μl 0.2 μM

4. Add the corresponding PCR products of the first PCR as
follows:

VH 900 ng

Kappa 700 ng
Lambda 1100 ng

5. Divide the solutions to 9 (VH), 7 (Kappa) and 11 (Lambda)
PCR reactions, each with 98 μl and add 2 μl (10 μM,
0.2 μM final concentration) of the subfamily-specific for-
ward primer (see also Table 11.1):

VH: (1) MHVH1-NcoI_f, (2) MHVH2-NcoI_f, (3)
MHVH1/7-NcoI_f, (4) MHVH3-NcoI_f1, (5) MHVH3-
NcoI_f2, (6) MHVH4-NcoI_f1, (7) MHVH4-NcoI_f2,
(8) MHVH5-NcoI_f, (9) MHVH6-NcoI_f

Vkappa: (10) MHVK1-MluI_f1, (11) MHVK1-MluI_f2, (12)
MHVK2-MluI_f, (13) MHVK3-MluI_f, (14) MHVK4-
MluI_f, (15) MHVK5-MluI_f, (16) MHVK6-MluI_f

Vlambda: (17) MHVL1-MluI_f1, (18) MHVL1-MluI_f2, (19)
MHVL2-MluI_f, (20) MHVL3-MluI_f1, (21) MHVL3-
MluI_f2, (22) MHVL4-MluI_f1, (23) MHVL4-MluI_f2,
(24) MHVL5-MluI_f, (25) MHVL6-MluI_f, (26)
MHVL7/8-MluI_f, (27) MHVL9/10-MluI_f
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6. Carry out the PCR using the following program:

94°C 1 min

94°C 1 min

57°C 1 min

72°C 2 min

72°C 10 min

20x

7. Separate the PCR products by 1.5% TAE agarose gel elec-
trophoresis, cut out the amplified antibody genes (VH:
∼400 bp, kappa/lambda: ∼400 bp) and purify the PCR
products using a gel extraction kit according to the man-
ufacturers instructions. Pool all VH, kappa and lambda sub-
families separately. Determine the DNA concentration. Store
the three purified second PCR pools at −20◦C.

3.1.5. First Cloning
Step – VL

1. Prepare a plasmid preparation of pHAL14 vector for library
cloning.

2. Digest the vector and the VL PCR products (always per-
form single enzyme digest of the vector in parallel to
check whether the digestion is complete, see Notes 5
and 6):

Solution or component Volume
Final
concentration

dH2O 83-x μl –

pHAL14 or VL x μl 5 or 2 μg
NEB buffer 3 (10×) 10 μl 1×
BSA (100×) 1 μl 1×
NEB MluI (10 U/μl) 3 μl 30 U

NEB NotI (10 U/μl) 3 μl 30 U

3. Incubate at 37◦C for 2 h. Control the digest of the vec-
tor by using a 5 μl aliquot on 1% TAE agarose gel elec-
trophoresis. If the vector is not fully digested, extend the
incubation time.

4. Inactivate the enzymes at 65◦C for 10 min.
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5. Add 0.5 μl CIP (1 U/μl) and incubate at 37◦C for 30 min.
Repeat this step once.

6. Purify the vector and the PCR product using a PCR purifi-
cation Kit according the manufacturers instructions and
elute with 50 μl elution buffer or water. The short stuffer
fragment containing multiple stop codons between MluI
and NotI in pHAL14 will be removed. Determine the
DNA concentration.

7. Ligate the vector pHAL14 (4255 bp) and VL (∼380 bp)
as follows (see Note 5):

Solution or component Volume
Final
concentration

dH2O 89-x-y μl –

pHAL14 x μl 1000 ng
VL (kappa or lambda) y μl 270 ng

T4 ligase buffer (10×) 10 μl 1×
T4 ligase (3 U/μl) 1 μl 3 U

8. Incubate at 16◦C overnight.
9. Inactivate the ligation at 65◦C for 10 min.

10. Precipitate the ligation with 10 μl 3 M sodium acetate, pH
5.2, and 250 μl ethanol, incubate for 2 min at RT and
centrifuge for 5 min at 16,000×g and 4◦C.

11. Wash the pellet with 500 μl 70% (v/v) ethanol and pellet
the DNA for 2 min at 16,000×g and 4◦C. Repeat this step
once and resolve the DNA pellet in 35 μl dH2O.

12. Thaw 25 μl electrocompetent XL1-Blue MRF′ on ice and
mix with the ligation reaction.

13. Transfer the 60 μl mix to a prechilled 0.1 cm cuvette. Dry
the electrode of the cuvette with a tissue paper.

14. Perform a 1.7 kV pulse using an electroporator (see Note
7). Immediately, add 1 ml 37◦C prewarmed SOC medium,
transfer the suspension to a 2 ml cap and shake for 1 h at
600 rpm and 37◦C.

15. To determine the amount of transformants, use 10 μl
(=10−2 dilution) of the transformation and perform a dilu-
tion series down to 10−6 dilution. Plate out a 10−6 dilu-
tion on 2xYT-GAT agar plates and incubate overnight at
37◦C.

16. Plate out the remaining 990 μl on 2xYT-GAT agar “pizza
plate” and incubate overnight at 37◦C.

17. Calculate the amount of transformants, which should be
1 × 106−5 × 108 cfu. Control colonies for full-size insert
by colony PCR (see Section 3.1.7).
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18. Float off the colonies on the “pizza plate” with 40 ml 2xYT
medium using a drigalsky spatula. Use 5 ml bacteria solu-
tion for midi plasmid preparation according to the manu-
facturer’s instructions. Determine the DNA concentration.

3.1.6. Second Cloning
Step − VH

1. Digest the pHAL14-VL repertoire and the VH PCR prod-
ucts (always perform single enzyme digest of the vector in
parallel, see Notes 5 and 6):

Solution or component Volume
Final
concentration

dH2O 81-x μl –

pHAL14-VL or VH x μl 5 or 2 μg
NEB buffer 2 (10×) 10 μl 1×
BSA (100×) 1 μl 1×
NEB NcoI (10 U/μl) 3 μl 30 U

NEB HindIII (20 U/μl) 5 μl 100 U

2. Incubate at 37◦C for 2 h (see Note 8). Control the digest
of the vector by using a 5 μl aliquot on 1% agarose gel
electrophoresis.

3. Inactivate the digestion at 65◦C for 10 min.
4. Add 0.5 μl CIP (1 U/μl) and incubate at 37◦C for 30 min.

Repeat this step once.
5. Purify the vector and the PCR product using a PCR purifi-

cation Kit according the manufacturers instructions and
elute with 50 μl elution buffer or water. The short stuffer
fragment between NcoI and HindII in pHAL14 will be
removed. Determine the DNA concentration.

6. Ligate the vector pHAL14-VL (∼4610 bp) and VH
(∼380 bp) as follows (see Note 5):

Solution or component Volume Final concentration

dH2O 89-x-y μl –

pHAL14 x μl 1000 ng
VH y μl 250 ng

T4 ligase buffer (10×) 10 μl 1×
T4 ligase (3 U/μl) 1 μl 3 U

7. Incubate at 16◦C overnight.
8. Inactivate the ligation at 65◦C for 10 min.
9. Precipitate the ligation with 10 μl 3 M, pH 5.2, sodium

acetate and 250 μl ethanol, incubate for 2 min at RT and
centrifuge for 5 min at 16,000×g and 4◦C.
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10. Wash the pellet with 500 μl 70% (v/v) ethanol and pellet
the DNA for 2 min at 16,000×g and 4◦C. Repeat this step
once and resolve the pellet in 35 μl dH2O.

11. Thaw 25 μl electrocompetent XL1-Blue MRF′ on ice and
mix with the ligation reaction.

12. Transfer the 60 μl mix to a prechilled 0.1 cm cuvette. Dry
the electrode of the cuvette with a tissue paper.

13. Perform a 1.7 kV pulse using a electroporator (see Note
7). Immediately, add 1 ml 37◦C prewarmed SOC medium,
transfer to a 2-ml cap and incubate for 1 h at 600 rpm.

14. To determine the amount of transformants, use 10 μl
(=10−2 dilution) of the transformation and perform a dilu-
tion series down to 10−6 dilution. Plate out a 10−6 dilution
on 2xYT-GAT agar plates and incubate overnight at 37◦C.

15. Plate out the remaining 990 μl on 2xYT-GAT agar “pizza
plate” and incubate overnight at 37◦C.

16. Calculate the amount of transformants (1 × 106–5 × 108

should be reached to be included into the final library).
Control colonies for full size insert by colony PCR (see
Section 3.1.7).

17. Float off the colonies on the “pizza plate” with 40 ml 2xYT
medium using a drigalsky spatula. Use 800 μl bacteria solu-
tion (∼1 × 1011 bacteria) and 200 μl glycerol for glycerol
stocks. Make 5–25 glycerol stocks per sublibrary and store
at −80◦C.

18. When all transformations are done, thaw one aliquot of
each sublibrary on ice, mix all sublibraries (see also Note
5) and make new aliquots for storage at –80◦C (see also
Note 9).

3.1.7. Colony PCR 1. Choose 10–20 single colonies per transformation. Set up the
PCR reaction per colonies as follows (see Table 11.1 for
primer sequences):

Solution or component Volume Final concentration

dH2O 16,7 μl-x μl

RedTaq buffer (10×) 2 μl 1×
dNTPs (10 mM each) 0,4 μl je 200 μM

MHLacZPro_f 10 μM 0,2 μl 0,1 μM
MHgIII_r10 μM 0,2 μl 0,1 μM

RedTag (1 U/μl) 0,5 μl 1 U
template picked colonie from dilution plate
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2. Control the PCR by 1.5% TAE agarose gel electrophoresis.
3. The PCR products should be ∼ 1100 bp when including

VH and VL, ∼750 bp when including only VL or VH and
375 bp if the vector contains no insert. Each used sublibrary
should have more than 80% full-size inserts to be included
into the final library.

3.1.8. Library Packaging
and scFv Phage
Production

1. To package the library, inoculate 400 ml 2xTY-GA in a 1
L Erlenmeyer flask with 1 ml antibody gene library stock.
Grow at 250 rpm at 37◦C up to an O.D.600 nm ∼ 0.5.

2. Infect 25 ml bacteria culture (∼1.25×1010 cells) with
2.5×1011 colony forming units (cfu) of the helper phage
M13K07 or Hyperphage according to a multiplicity of
infection (moi) = 1:20 (see Note 10). Incubate 30 min
without shaking and the following 30 min with 250 rpm at
37◦C.

3. To remove the glucose which represses the lac promoter
of pHAL14 and therefore the scFv::pIII fusion protein
expression, harvest the cells by centrifugation for 10 min
at 3200×g in 50-ml polypropylene tubes.

4. Resuspend the pellet in 400 ml 2xTY-AK in a 1 L
Erlenmeyer flask. Produce scFv-phage overnight at
250 rpm and 30◦C.

5. Pellet the bacteria by centrifugation for 10 min at
10,000×g in two GS3 centrifuge tubes. If the supernatant
is not clear, centrifuge again to remove remaining bacteria.

6. Precipate the phage from the supernatant by adding 1/5
volume PEG solution in two GS3 tubes. Incubate for 1 h
at 4◦C with gentle shaking, followed by centrifugation for
1 h at 10,000×g.

7. Discard the supernatant, resolve each pellet in 10 ml phage
dilution buffer in SS34 centrifuge tubes and add 1/5 vol-
ume PEG solution.

8. Incubate on ice for 20 min and pellet the phage by cen-
trifugation for 30 min at 10,000×g.

9. Discard the supernatant and put the open tubes upside
down on tissue paper. Let the viscous PEG solution
move out completely. Resuspend the phage pellet in 1 ml
phage dilution buffer. Titre the phage preparation (see
Section 3.2.4). Store the packaged antibody phage library
at 4◦C.

10. The library packaging should be controlled by 10% SDS-
PAGE, Western-Blot and anti-pIII immunostain (mouse
anti-pIII 1:2000, goat anti-mouse IgG AP conjugate
1:10,000). Wildtype pIII has a calculated molecular mass
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of 42.5 kDa, but it runs at an apparent molecular mass of
65 kDa in SDS-PAGE. Accordingly, the scFv::pIII fusion
protein runs at about 95 kDa.

3.2. Antibody
Selection (Panning)

The in vitro procedure for isolating antibody fragments by their
binding activity was called “panning,” referring to the gold wash-
ers tool (62). The antigen is immobilized to a solid surface, such
as nitrocellulose, e.g. (63), magnetic beads, e.g. (64), column
matrixes, e.g. (19) or most widely used or plastic surfaces with
high protein binding capacity as polystyrole tubes, respectively,
microtitre wells, e.g. (65). The antibody phage are incubated
with the surface-bound antigen, followed by stringent washing
to remove the vast excess of non-binding antibody phage. Sub-
sequently, the bound antibody phage will be eluted and reampli-
fied by infection of E. coli. The selection cycle will be repeated
by infection of the phagemid bearing E. coli colonies from the
former panning round with a helperphage to produce new anti-
body phage, which can be used for further panning rounds until
a significant enrichment of antigen specific phage is achieved. The
number of antigen-specific antibody phage clones should increase
with every panning round. Usually 2–3 panning rounds, some-
times up to 6, are necessary to select specifically binding antibody
fragments.

The first step in the evaluation process of potential binders
is often done – but not a requisite – by an ELISA of the poly-
clonal phage preparations from each panning round against the
target antigen and control proteins, e.g. BSA. In the next step,
antibody clones are isolated from panning rounds showing a sig-
nificant enrichment of specific antigen binding in the polyclonal
phage ELISA. These antibodies clones are produced as soluble
monoclonal antibody fragments in microtitre plates followed by
an antigen ELISA. An ELISA with monoclonal phage prepara-
tions should be omitted because often antibody clones that bind
only as scFv-phage or scFv-pIII fusion but not as soluble scFv
fragment are identified. The complete panning and screening pro-
cedure is given in Fig. 11.1.

The following protocols describe the selection of recombi-
nant antibody fragments from antibody gene libraries by phage
display and the screening of the selected antibody fragments.

3.2.1. Coating
of Microtitre Plate Wells

1. (A) Protein antigen: For the first panning round, use
2–10 μg protein/well per panning; for the following rounds
use 0.1–1 μg protein/well for more stringent conditions.
Dissolve the antigen in 150 μl PBS and incubate it into a
microtitre plate well overnight at 4◦C (see Note 11).
(B) Oligopeptide antigen: Use 100–500 ng oligopeptide for
each panning round. Dissolve the oligopeptide in 150 μl
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Fig. 11.1. Schematic overview about of the construction of antibody gene libraries and selection of antibodies
(“panning”) by phage display.
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PBS, transfer into the microtitre plate well and incubate
overnight at 4◦C (see Note 12).

2. Wash the coated microtitre plate wells 3× with PBST using
an ELISA washer (see Note 13).

3.2.2. Panning 1. (A) Block the antigen coated wells with MPBST for 2 h at
RT. The wells must be completely filled. Afterwards, wash
the blocked antigen coated wells 3× with PBST (see Note
13).
(B) You need to perform this step only in the first panning
round but it also can be done in the following rounds! In
parallel, block an additional well (without antigen!) per
panning with MPBST for 1 h at RT for preincubation of
the antibody gene library. The wells must be completely
filled. Wash 3× times with PBST (see Note 13). Incubate
1011−1012 antibody phage from the library in 150 μl pan-
ning block for 1 h at RT. This step removes unspecific
binders, which often occur from the antibody gene libraries
due to incorrect folding of individual antibodies.

2. Carry over the preincubated antibody phage library to the
blocked wells or fill 1011−1012 amplified phage solved in
150 μl panning block from the former panning round in
the blocked wells. Incubate at RT for 2 h for binding of
the antibody phage.

3. Remove the unspecifically bound antibody phage by strin-
gent washing. Therefore, wash the wells 10× with an
ELISA washer in the first panning round. In the follow-
ing panning rounds increase the number of washing steps
(20× in the second panning round, 30× in the third pan-
ning round. . .) (see Note 13).

4. Elute bound antibody phage with 200 μl Trypsin solution
for 30 min at 37◦C (see Note 14).

5. Use 10 μl of the eluted phage for titration (see
Section 3.2.4).

6. Inoculate 50 ml 2xTY-T with an overnight culture of E.
coli XL1-Blue MRF′ in 100-ml Erlenmeyer flasks and grow
at 250 rpm and 37◦C.

7. Infect exponential (O.D.600 nm ∼ 0.5, after 2–3 h) grow-
ing 20 ml XL1-Blue MRF′ culture with the remaining
190 μl of the eluted phage. Incubate 30 min at 37◦C with-
out shaking and the following 30 min with 250 rpm at
37◦C.

8. Harvest the infected bacteria by centrifugation for 10 min
at 3200×g in 50 ml polypropylene tubes. Resolve the pellet
in 250 μl SOB-GA and plate the bacteria suspension on
SOB-GA agar plates (15-cm petri dish). Grow overnight at
37◦C (see Note 15).
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9. Harvest the grown colonies by suspending in 2.5 ml 2xTY-
GA with a Drigalsky spatula.

10. Use 100 μl of the harvested bacteria for the amplification
of the eluted phage (see Section 3.2.3).

11. Make a glycerol stock of the panning round by adding
250 μl glycerol to 750 ml of the harvested bacteria. Mix
and store at −80◦C.

3.2.3. Packaging
of Phagemids (scFv
Phage Production)

1. For the next panning round the eluted phage must be
packaged and reamplified. Inoculate 30 ml 2xTY-GA in
a 100 ml Erlenmeyer flask with 100 μl harvested bacte-
ria (O.D.600 < 0.1). Grow at 250 rpm at 37◦C up to an
O.D.600 nm ∼ 0.5.

2. Infect 5 ml bacteria culture (∼2.5×109 cells) with 5×1010

cfu of the helper phage M13K07 (moi = 1:20). Incubate
for 30 min without shaking at 37◦C and for the following
30 min at 250 rpm at 37◦C.

3. To remove the glucose, harvest the cells by centrifugation
for 10 min at 3200×g in 50-ml polypropylene tubes.

4. Resuspend the pellet in 30 ml 2xTY-AK and transfer into
a 100-ml Erlenmeyer flask. Produce the phage for 16 h at
250 rpm and 30◦C.

5. Pellet the bacteria by centrifugation for 10 min at 3200×g
in 50-ml polypropylene tubes. If the supernatant is not clear,
centrifuge again to remove remaining bacteria.

6. Precipate the phage in the supernatant by adding 1/5 vol-
ume PEG solution in 50-ml polypropylene tubes. Incubate
for 1 h at 4◦C with gentle shaking.

7. Pellet the phage by centrifugation for 1 h at 3200×g and
4◦C. Discard the supernatant and put the open tubes upside
down on tissue paper. Let the viscous PEG solution move
out completely. Resuspend the phage pellet in 500 μl phage
dilution buffer. Titre the phage preparation and use it for the
next panning round. Store the remaining phage at 4◦C.

3.2.4. Phage Titration 1. Inoculate 5 ml 2xTY-T in a 100 ml Erlenmeyer flask with
XL1-Blue MRF’ and grow overnight at 37◦C and 250 rpm.

2. Inoculate 50 ml 2xTY-T with 500 μl overnight culture and
grow at 250 rpm at 37◦C up to O.D.600 ∼ 0.5 (see Note
16).

3. Make serial dilutions of the phage suspension in PBS. The
number of eluted phages depends on several parameters (e.g.
antigen, library, panning round and washing stringency). In
case of a successful enrichment, the titre of eluted phage usu-
ally is 103−105 phage per well after the first panning round
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and increases two to three orders in magnitude per addi-
tional panning round (see Note 17). The phage preparation
after reamplification of the eluted phage have a titre of about
1012−1014 phage/ml.

4. Infect 50 μl bacteria with 10 μl phage dilution and incubate
30 min at 37◦C (see Note 18).

5. You can perform titrations in two different ways:
(A) plate the 60 μl infected bacteria on 2xTY-GA agar plates

(9 cm petri dishes).
(B) pipette 10 μl (in triplicate) on 2xTY-GA agar plates.

Here, about 20 titering spots can be placed on one 9-cm
petri dish. Dry drops under workbench.

6. Incubate the plates overnight at 37◦C.
7. Count the colonies and calculate the cfu or cfu/ml titre

according to the dilution.

3.2.5. ELISA of a
Polyclonal Antibody
Phage Suspension

1. To investigate the enrichment of antigen specific antibody
phage after a panning round, coat microtitre plate wells
with 100–1000 ng antigen per well for each panning round
(for method see Section 3.1). As a control, coat other wells
with 100–1000 ng BSA in 150 μl PBS overnight at 4◦C
(see Note 19).

2. Wash the coated microtitre plate wells 3× with PBST using
an ELISA washer (for washing procedure see Section 3.2
and Note 13).

3. Block the antigen-coated wells with MPBST for 2 h at RT.
The wells must be completely filled.

4. Wash the coated microtitre plate wells 3× with PBST (for
washing procedure see Section 3.2 and Note 13).

5. Resuspend 109 and 1010 cfu/well antibody phage from
each panning round in 150 μl 2%MPST and incubate them
for 1.5 h on the antigen and the BSA control, respectively.

6. Wash the microtitre plate wells 3× with PBST (for washing
procedure see Section 3.2 and Note 13).

7. Incubate each well with 100 μl HRP-conjugated anti-M13
antibody 1:5000 diluted in 2% MPBST for 1.5 h.

8. Wash the microtitre plate wells 3× with PBST (for washing
procedure see Section 3.2 and Note 13).

9. Shortly before use, mix 19 parts TMB substrate solution A
and 1 part TMB substrate solution B. Add 100 μl of this
TMB solution to each well and incubate for 1–15 min.

10. Stop the substrate reaction by adding 100 μl 1 N sulphuric
acid. The colour turns from blue to yellow.

11. Measure the extinction at 450 nm using an ELISA reader.
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3.2.6. Production
of Soluble Monoclonal
Antibody Fragments in
Microtitre Plates

1. Fill each well of a 96-well U-bottom polypropylene
microtitre plate with 150 μl 2xTY-GA.

2. Pick 92 clones with sterile tips from the desired panning
round (see Note 20) and inoculate each well (see Note 21).
Seal the plate with a breathable sealing film.

3. Incubate overnight in a microtitre plate shaker at 37◦C and
1000 rpm.

4. (A) Fill a new 96-well polypropylene microtitre plate with
150 μl 2xTY-GA and add 10 μl of the overnight cultures.
Incubate for 2 h at 37◦C and 1000 rpm.
(B) Add 30 μl glycerol solution to the remaining 140 μl
overnight cultures. Mix by pipetting and store this master-
plate at −80◦C.

5. Pellet the bacteria in the microtitre plates by centrifugation
for 10 min at 3200×g and 4◦C. Remove 180 μl glucose
containing media by carefully pipetting (do not disturb the
pellet).

6. Add 180 μl buffered 2xTY-SAI (containing saccharose,
ampicillin and 50 μM IPTG) and incubate overnight at
30◦C and 1000 rpm (see Note 22).

7. Pellet the bacteria by centrifugation for 10 min at 3200×g
in the microtitre plates. Transfer the antibody fragment con-
taining supernatant to a new polypropylene microtitre plate
and store at 4◦C.

3.2.7. ELISA of Soluble
Monoclonal Antibody
Fragments

1. To analyse the antigen specificity of the monoclonal sol-
uble antibody fragments, coat 100–1000 ng antigen per
well overnight at 4◦C. As control coat 100–1000 ng BSA
per well (see Section 3.1, Note 19).

2. Wash the coated microtitre plate wells 3× with PBST (for
washing procedure see Section 3.2 and Note 3).

3. Block the antigen coated wells with MPBST for 2 h at RT.
The wells must be completely filled.

4. Fill 50 μl MPBST in each well and add 50 μl of antibody
solution (see Section 3.6). Incubate for 1.5 h at RT (or
overnight at 4◦C).

5. Wash the microtitre plate wells 3× with PBST (for washing
procedure see Section 3.2 and Note 3).

6. Incubate 100 μl mouse 9E10 α-myc tag antibody solution
for 1.5 h (appropriate dilution in MPBST).

7. Wash the microtitre plate wells 3× with PBST (for washing
procedure see Section 3.2 and Note 13).

8. Incubate 100 μl goat α-mouse HRP conjugate (1:10,000
in MPBST).
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9. Wash the microtitre plate wells 3× with PBST (for washing
procedure see Section 3.2 and Note 3).

10. Shortly before use, mix 19 parts TMB substrate solution A
and 1 part TMB substrate solution B. Add 100 μl of this
TMB solution into each well and incubate for 1–15 min.

11. Stop the colour reaction by adding 100 μl 1 N sulphuric
acid. The colour turns from blue to yellow.

12. Measure the extinction at 450 nm using an ELISA reader.
13. Identify positive candidates with a signal (on antigen)

10× over noise (on control protein, e.g. BSA) (see
Note 23).

14. DNA sequencing of binders is performed with appropriate
oligonucleotide primers (MKpelB_f and MKmyc_r or with
MHLacZ-Pro_f). The antibody sequences can be analysed
by VBASE2 (www.vbase2.org) (66).

4. Notes

1. Be careful with human blood samples since it is potentially
infectious (HIV, hepatitis, etc.)!

2. Both methods, mRNA or total RNA isolation, work well.
3. Check the cDNA quality using standard glyceraldehyde

3-phosphate dehydrogenase (GAPDH) oligonucleotide
primers. Do not use cDNA preparations if the GAPDH
fragment could not be amplified by PCR.

4. The VH amplifications of VH subfamilies sometimes results
also in longer PCR products. Cut out only the ∼380 bp
fragment. The amplifications of kappa subfamilies should
always give a clear ∼650 bp fragment. When amplifying
lambda subfamilies often other PCR products are gener-
ated, especially the amplification of the lambda2 subfamily
results often in slushy bands. If some subfamilies are bad
amplified and no clear ∼650 bp fragment is detectable, use
only the ∼650 bp fragments from the well amplified sub-
families. Additional comment: since the first PCR amplifies
the full LC, it can be used also to construct a Fab or scFab
(67) libraries from this material.

5. For a very large naive antibody gene library perform as
many PCRs as sufficient to perform 20 light chains lig-
ations/transformations and about 100 VH ligations. For
an immune library 4 light chains ligations/transformations
and 8 VH ligations are usually sufficient. Prepare and digest
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also adequate amounts of pHAL14 and VL for the first
cloning step and pHAL14-VL library and VH for the sec-
ond cloning step. Keep kappa and lambda in all steps
(cloning, packaging) separately and mix only after phage
production before panning.

6. Always perform single digests using only one enzyme in
parallel to control the success of the restriction reaction.
Analyse the digestion by TAE agarose gel electrophoresis
by comparing with the undigested plasmid. Use only mate-
rial where both single digests are successful and where no
degradation is visible in the double digest.

7. The pulse time should be between 4 and 5 ms for optimal
electroporation efficiency.

8. Often the HindIII digestion is incomplete after 2 h. Then,
inactivate the enzymes by heating up to 65◦C for 10 min,
add additional 5 μl of HindIII and incubate overnight. You
can use also higher concentrated HindIII. Alternatively,
perform the NcoI digest first for 2 h, inactive the digest
and afterwards perform the HindIII digest.

9. To minimize loss of diversity, avoid to many freeze and
thaw steps, e.g. when constructing an immune library make
eight transformations in parallel and directly package the
immune library.

10. The use of Hyperphage as helperphage instead of M13K07
offers oligovalent phage display, facilitates the selection of
specific binders in the first and most critical panning round
by avidity effect (32, 44, 68, 69). The Hyperphage should
be only used for library packaging. For the following pan-
ning rounds use M13K07 to enhance the stringency of the
panning process.

11. If the protein is not binding properly to the microtitre
plate surface, try bicarbonat buffer (50 mM NaHCO3,
pH 9.6).

12. More hydrophobic oligopeptides may need to be dissolved
in PBS containing 5% DMSO. If biotinylated oligopeptide
is used as antigen for panning, dissolve 100 ng Streptavidin
in 150 μl PBS and coat overnight at 4◦C. Coat two wells
for each panning, one well is for the panning, the second
one for the preincubation of the library to remove strepta-
vidin binders! Sometimes it is necessary to use free strep-
tavidin during panning for competition to remove strepta-
vidin binders. Pour out the wells and wash 3× with PBST.
Dissolve 100–500 ng biotinylated oligopeptide in PBS and
incubate for 1 h at RT. Alternatively, oligopeptides with a
terminal cysteine residue can be coupled to BSA and coated
overnight at 4◦C.
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13. The washing should be performed with an ELISA washer
(e.g. TECAN Columbus Plus) to increase the stringency
and reproducibility. To remove antigen or blocking solu-
tions wash 3× with PBST (“standard washing protocol”
for TECAN washer). If no ELISA washer is available, wash
manually 3× with PBST.
After binding of antibody phage, wash 10× with PBST
(“stringent bottom washing protocol” in case of TECAN
washer). If no ELISA washer is available, wash manually
10× with PBST and 10× with PBS. For stringent off-rate
selection increase the number of washing steps or addition-
ally incubate the microtitre plate in 1 L PBS for several
days.

14. Phagemids like pSEX81 (41) or pHAL14 (32, 44, 56)
have coding sequences for a trypsin specific cleavage
site between the antibody fragment gene and the gIII.
Trypsin also cleaves within antibody fragments but does
not degrade the phage particles including the pIII that
mediates the binding of the phage to the F pili of E. coli
required for the infection. We observed that proteolytic
cleavage of the antibody fragments from the antibody::pIII
fusion by trypsin not only increases the elution but also
enhances the infection rate of eluted phage particles, espe-
cially when using Hyperphage as helperphage (68–70).

15. The high concentration of glucose is necessary to efficiently
repress the lac promoter controlling the antibody::pIII
fusion gene on the phagemid. Low glucose concentrations
lead to an inefficient repression of the lac promoter and
background expression of the antibody::pIII fusion pro-
tein. Background antibody expression is a strong selec-
tion pressure frequent causing mutations in the phagemid,
especially in the promoter region and the antibody::pIII
fusion gene. Bacteria with this kind of mutations in
the phagemids proliferate faster than bacteria with non-
mutated phagemids. Therefore, the 100 mM glucose must
be included in every step of E. coli cultivation except during
the phage production!

16. If the bacteria have reached O.D.600 ∼ 0,5 before they are
needed, store the culture immediately on ice to maintain
the F pili on the E. coli cells for several hours. M13K07
helperphage (kan+) or other scFv-phage (amp+) can be
used as positive control to check the infectibility of the E.
coli cells.

17. If the antibody gene library is packaged using Hyperphage,
the titre of the eluted phage after the second panning may
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not increase as strongly or even decreases slightly due to
the change from oligovalent to monovalent display.

18. Check all solutions for phage contamination. To check the
PBS or PEG solutions use 10 μl of these solution for E. coli
“infection.” In parallel plate out non-infected XL1-Blue
MRF’ to check the bacteria. We recommend to clean the
working place each time with virus inactivating solutions
(e.g. Barrycidal 36, BIO-HIT, Germany) and to use filter
tips for pipetting!

19. Antibody phage which bind unspecifically are usually
enriched during panning. These unspecific binding often
results from misfolded or incomplete antibodies. They
often bind to BSA, Streptavidin and plastic surfaces.

20. Use the polyclonal antibody phage ELISA to select the
suitable panning round for picking monoclonals.

21. We recommend picking only 92 clones. Use the wells H3,
H6, H9 and H12 for controls. H3 and H6 are nega-
tive controls – these wells will not be inoculated and not
used for the following ELISA with soluble antibodies. We
inoculate the wells H9 and H12 with a clone contain-
ing a phagemid encoding a known antibody fragment. In
ELISA, the wells H9 and H12 are coated with the antigen
corresponding to the control antibody fragment in order
to check scFv production and ELISA.

22. The appropriate IPTG concentration for induction of anti-
body or antibody::pIII expression depends on the vector
design. A concentration of 50 μM was well suited for vec-
tors with a Lac promoter like pSEX81 (41), pIT2 (71),
pHENIX (72) and pHAL14 (32, 44, 56). The method
for the production of soluble antibodies works with vectors
with (e.g. pHAL14) and without (e.g. pSEX81) an amber
stop codon between antibody fragment and gIII. If the vec-
tor has no amber stop codon the antibody::pIII fusion pro-
tein will be produced (73). Buffered culture media and the
addition of saccharose enhances the production of many
but not all scFvs. We observed that antibody::pIII fusion
proteins and antibody phage sometimes show differences
in antigen binding in comparison to soluble antibody frag-
ments because some antibodies can bind the correspond-
ing antigen only as pIII fusion. Therefore, we recommend
to perform the screening procedure only by using soluble
antibody fragment, to avoid false positive binders.

23. The background (noise) signals should be about O.D.450
∼ 0.02 after 5–30 min TMB incubation time.
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