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By-passing Immunization 
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We have mimicked features of immune selection to make human antibodies in bacteria. 
Diverse libraries of immunoglobulin heavy (Vu) and light (V, and V,) chain variable (V) 
genes were prepared from peripheral blood lymphocytes (PBLs) of unimmunized donors by 
polymerase chain reaction (PCR) amplification. Genes encoding single chain Fv fragments 
were made by randomly combining heavy and light chain V-genes using PCR, and the 
combinatorial library (> lo7 members) cloned for display on the surface of a phage. Rare 
phage with “antigen-binding” activities were selected by four rounds of growth and panning 
w&h “antigen“ (turkey egg-white lysozyme (TEL) or bovine serum albumin) or “hapten” 
(2-phenyloxazol-S-one (phOx)): and the encoding heavy and light chain genes were 
sequenced. The V-genes were human with some nearly identical to known germ-line 
V-genes. while others were more heavily mutated. Soluble antibody fragments were 
prepared and shown to bind specifically to antigen or hapten and with good affinities, K, 
(TEL) = lo7 M-l; K, (phOx) = 2 x lo6 M-‘. Isolation of higher-affinity fragments may 
require the use of larger primary libraries or the construction of secondary libraries from the 
binders. Nevertheless, our results suggest that a single large phage display library can be 
used to isolate human antibodies against any antigen, by-passing both hybridoma 
technology and immunization. 
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1. Introduction 

Over t~he last century animal antiserum, and more 
recently rodent, monoclonal antibodies, have been 
used clinically to neutralize toxins, and to treat 
bacterial and viral infections. In the future the 
specific recognition of human cell-surface markers 

t Author t,o whom all correspondence should be 
addressed. 

2 Abbreviations used: PBL. peripheral blood 
lymphocyte; Ig: immunoglobulin; PCR, polymerase 
chain reaction: g3p, gene 3 prot,ein; ELISA, enzyme- 
linked immunosorbent assay; BSA, bovine serum 
albumin; TEL, turkey egg-white lysozyme; t.u., 
transducing unit(s); p.f.u.. plaque-forming units(s): 
TPTG, isopropyl fi-n-t.hiogalact.opyranoside. 

by antibody fragments should enable functional 
manipulations of subsets of immuno-competent cells 
in the fields of, for example, autoimmunity, trans- 
plantation, and the inhibition of cell adhesion and of 
cytokine-stimulated cell proliferation. However, the 
use of animal antibody can lead t’o an antiglobulin 
response and hypersensitivity rea,ctions. Ideally 
human monoclonai antibodies would be used, but it 
is difficult to make them. Not only are peripheral 
blood lymphocytes (PBLsS) a poor source of the 
blast cells t,hat are actively involved in the immune 
response, but it is difficult to immortalize them. The 
use of mouse myeloma lines as fusion partners for 
human B-cells leads to a preferential loss of human 
chromosomes and instability of the hybrids, and 
Epstein Barr virus infection of B-cells also tends to 
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produce unstable (IgM) lines with poor antigen afli- 
nity (for a review and references. see Winter & 
Milstein (1991)). 

However, there are ot’her ways of tapping the 
antibody repertoire of immunized humans or 
animals. Instead of immortalizing B-cells for 
production of monoclonal antibodies, the antibody 
heavy and light’ chain V-genes are immortalized by 
gene technology, and antibodies or fragments 
expressed in mammalian cells, yeast or bacteria. For 
example, recombinant antibodies were rescued from 
hybridomas by PCR amplification of the V-genes 
with “universal” primers, and cloning the genes into 
vectors for expression of complete antibodies 
(Orlandi et al.. 1989). In principle this technique 
could be extended to the construction of antibodies 
from the V-genes of single B-cells, thereby by- 
passing hybridoma technology (Orlandi et al.: 1989; 
Larrick et al., 1989). Alternatively, libraries of 
V-genes have been used t)o express soluble antibody 
fragments, which are then screened for antigen- 
binding activities (Ward et al., 1989; Huse et al.. 
1989; Caton 8r Koprowski, 1990; Mullinax et al.. 
1990: Persson et al., 1991). For example, from a 
donor immunized with tetanus toxoid, V-genes from 
the mRNA of IO8 human PBLs were combined at 
random in bacteriophage lambda. so scrambling the 
original heavy and light chain pairings. When the 
combinatorial library (1 O7 members) was expressed 
in bacteria and 12,000 plaques were screened on 
nitrocellulose filters for binding t’o toxoid, 10 
binders were found (Mullinax et al.. 1990). Thus, 
human antibodies can be made by filter screening of 
combinatorial libraries from immunized donors. 

RJ- contrast we have avoided the screening of 
large numbers of individual clones on filt’ers by 
mimicking features of immune selection (Milstein. 
1990; McCafferty et al., 1990: Winter & Milstein. 
1991). In the immune system, diverse combinatorial 
libraries of antibodies are displayed on t,he surface 
of B-cells. and specific recognition with antigen trig- 
gers cell proliferation and difYerentiation into an& 
body-secreting or memory pathways. We have 
displayed (Smith, 1985; Parmlry & Smith, 1988) 
ant,ibody fragments on the surface of filamentous 
bacteriophage by fusion to a minor coat protein at 
the tip of the phage. t,he gene 3 protein (g3p) 
(McCafferty et al., 1990). Phage encoding antibody 
fragments wit,h binding activities were selected from 
those encoding non-binders by affinity chromat,o- 
graphy. By rounds of growth and selection. rare 
binders were selected, with an enrichment) of one in 
lo3 after one round of panning, and one in IO6 
after two rounds (McCafferty et al.. 1990). Antibod) 
fragments can be displayed as fusions with g3p as 
single polypeptide chains in which the heavy and 
light chain variable domains are linked by a poly- 
peptide spacer (single chain Fv or scFv: McCaffertJ 
rt al., 1990), or as non-covalently associated heav? 
and light chains (Fab fragments) (Hoogenboom of 
al.. 1991). Fab fragment,s have also been displayed 
as fusions with the major coat protein (gene 8: Kang 
et al.. 1991). Recently we used phage to display a 

small random cbombinatorial libra.ry (2 X IO’ 
members) of scFv antibody fragments from the 
spleen mRNA of immunized mice (Clackson rt al.. 
1991). The mRNA is presumably derived mainl? 
from plasma cells (R. Hawkins & G. Winter, unpub- 
lished results), as the level of Tg mRNA in these ceils 
is up to 1000.fold greater than in resting B-cells 
(Schibler et al., 1978). After only a single round of 
affinity selection, we isolated numerous different 
antibodies with affinities in t’he ra,nge of IO5 xl-l to 
IO8 M-l. 

However, it is rareI)- possible t,cl immunize 
humans t,o order, and the possibility of making 
human antibodies without prior immunization is 
particularly appealing. We have therefore applied 
the phage display technology t.o making human 
antibodies from V-gene repertoires from unimmun- 
ized donors. We made a large scFv library from the 
PBLs. and with great,er than lo7 members it was 
similar in size t,o t#he B-cell repertoire of a mouse at 
any one moment. The library was also made as 
diverse as possible by using both Y, and Vj, light 
chains, as well as V,s derived from IgSl and Tg(: 
mILEA. Diversity was further maximized by using 
PCR primers based on each of the human heavy and 
light chain gene families (Marks d al.. 1991). 
Finally. the library wa,s subjected t.o multiple 
rounds of affinity selection to ensure that tvt’n a 
single clone in the original library could be isolat,rtl. 

2. Materials and Methods 

CVe optimized t,he design of t,he PC’IC primers for the 
rearranged V-genes to maximize the diversity of the PC’H. 
products. The primers were locaatrd at the 5’ and 3’ ends 
(back and forward primers. respectively) of the mature 
V-regions (Orlandi Pf al., 1989: Marks et al.. 1991: 
Songsivilai et al.. 1990), but, did not incorporate internal 
restriction sites that mismatch the t*emplate and bias 
amplification. The back primers were designed to match 
each of the families of human V-genes. and forward 
primers to match each of the human germ-line .J-scgment,s 
(Table 1). Furthermore. sets of IYIR primers were 
designed to optimize t,he linking of YH and V, or Vi genes 
at, random. and append restriction sites to the linked 
genes (Table I and Fig. 1). 

Serum from the 2 donors was assayed for the presenccl 
of IgM antibodies to phOx-BSA and TEL using an 
ELISA-based assay kit for detection of human TgM anti- 
bodies in serum (Platest. Menarini Jjiagnostics). 
Microtitrr plat’es were coated olrrrnight with either 10 pip 
phOx-BSA/ml or IO pg TEL/ml. Plates were washed 3 
times with PBS (phosphate-buffered saline: %A mM- 
BaH2P0,. 125 mm-KaU. pH 7.0) and blocked for 2 h 
with 2% MPRI”, (2% (w/v) skimmed milk powder 
(Marvel) in PBS) at, 97’(‘. Donor serum was diluted l/40 
in PBS and 50 ,uI was added to the microtiter wells and 
incubated for 30 min at room t,emperature. The plates 
were washed 3 t’imes with PBS and 50 ~1 horseradish 
peroxidase-conjugated anti-human TgM antibody was 



Human Antibodies from Phage Display Libraries 583 

(a) 1st strand cDNA synthesis 
mRNA mRNA 

\1 $G;G;;OR 4 GFOR 

1st strand V&HI cDNA list strand VL-CL cDNA[ 

( b ) Primary PCRs 

HuVHEACK HuVLBACK 
---+ -+= 

I st strand VW cDNA- 1st strand V, cDNA- 

&q H”JHFcm &, HuJLFDR 

(c ) PCR assembly 
HuVHBACK 

-+ 

HSOR 

IHuman SCFV repertoires 

(d ) Reampliflcotian with primers containing restrlctian sites 
HuVHBACKSf 1 

L VH scFvlinker VL 
I I I 

JI HuJLFORNot \ 
Assembled human SCFV repertoires with 5’ and 3’ restriction sites 

Figure 1. Making scFv gene repertoires. (a) mRNA is 
primed with constant region-specific oligonucleotides and 
1st strand cDNA synthesized. (b) Portions of 1st strand 
rDNA are PCR amplified with a mixture of V-gene and 
&segment primers. (c) The rearranged Vu and V, PCR 
products are combined in a 2nd PCR amplification 
containing linker DNA that overlaps the C terminus of 
the V, and the N terminus of the V, genes. This reaction 
mixture is subjected to temperature cycling followed by 
amplification. (d) Finally. the resulting scFv gene reper- 
toires are reamplified with primers containing appended 
restriction Sims. 

added to each well and incubated for 30 mm. Plates were 
washed 3 times with PBS, developed as in the kit protocol 
and the plate read at 450 nm. 

((1) cL)NA synthesis, PCR amplication and 
assembly of scFv genes 

Blood (500 ml) containing approximately 10’ 
B-lymphocytes. was obtained from 2 healthy volunteers. 
The white cells were separated in Ficoll and RN$ was 
prepared using a modified method described by Cathala et 
al. (1983). Heavy chain repertoires were prepared from 
both IgG and IgM cDNA in order to tap both mature and 
naive lymphocytes (Roit et al., 1985), and light chain 
repertoires were prepared from both V, and V, genes. 
Thus, 4 first strand cDNA syntheses were made as 
described (Marks et al., 1991) from RNA corresponding to 
2.5~ 10’ B-cells, using either an IgG or an IgM constant 
region primer for the heavy chains, or a K or i constant 
region primer for light chains (Table 1 and Fig. l(a)). All 
of the cDNA was used to generate 4 separate repertoires 
of scFc genes (Vn,-V,, V,,V,, Vu,-V, Vu,-V,) as 
described below (Figs 1 and 2). 

V,. V, and V,-genes were amplified separately using an 
equimolar mixture of the appropriat’e family-based back 
and forward primers (Table 1, Figs l(b) and 2). Reaction 
mixtures (50 ~1) were prepared containing 5 ~1 of the 
supernatant from the cDNA synthesis, 20 pmol back 
primers, 20 pmol forward primers. 250 PM-dNTPs 

10 miw-ECl, 10 mM-(NH&SO,, 20 mM-Tris.HCl (pH 86), 
2.0 miw-MgCl,, 100 pg BSA/ml and 1 ~1 (1 unit) Vent 
DNA polymerase (New England Biolabs). The reaction 
mixture was overlaid with mineral (paraffin) oil and 
subjected to 30 cycles of amplification using a Techne 
thermal cycler. The cycle was 94°C for 1 min (denatura- 
tion), 57°C for 1 min (annealing) and 72°C for 1 min 
(extension). The products were purified on a 2% (w/v) 
agarose gel, isolated from the gel by Geneclean (Bio-101) 
and resuspended in 25 ~1 of water. 

To make the scFv linker DNA, 52 separate 50 ~1 PCR 
reactions were performed using each of the 4 reverse JH 
primers in combination with each of the 13 reverse V, and 
V, oligonucleotides (Table 1). The templat’e was approxi- 
mately 1 ng of pSW2scFvD1.3 (McCafferty et al., 1990) 
containing the short peptide (Gly,Ser), (Huston et al.. 
1988). The PCR reaction reagents were as described above 
and the cycle was 94°C for 1 min. 45°C for 1 min and 
72 “C for 1 min. The linkers were purified on a 2 T/o agarose 
gel, eluted from the gel on a Spin-X column (Costar) and 
precipitated with ethanol. 

For PCR assembly of the scFv repertoires (Fig. l(c)), 
approximately 1 pg of a primary heavy chain amplifica- 
tion (Vnp or Vu,) and 1 pg of a primary light chain 
amplification (V, or V,) were combined with approxi- 
mately 250 ng of the appropriate linker DNA (an equi- 
molar mixture of each of the 6 JH-V, or 7 JH-VT, linkers) 
in a 50 ~1 PCR reaction mixture and cycled 7 times (94°C 
for 2 min and 72 “C for 2.5 min) to join the fragments. The 
reaction mixture was then amplified for 25 cycles (94°C 
for 1 min and 72°C for 3 min) after the addition of 
20 pmol of the outer PCR primers (Fig. 1 (c)). Finally, the 
assembled products were gel-purified and reamplified for 
25 cycles (94°C for 1 min, 55°C for 1 min, 72°C for 
2.5 min) with the flanking oligonucleotides containing the 
appended restriction sites (Fig. 1 (d)). PCR buffers and 
dNTPs were as described previously. The resulting scFv 
repertoires (Vu,-V,, Vn,-V,, Vu,-V,, Vm,-V, were purified 
on a 1.576 agarose gel, electroeluted and precipitated with 
ethanol (Sambrook et al., 1990). For subsequent cloning. 
the Vn,-V, and Vs,-V, repertoires were combined (IgM 
repertoire) as were the Vm,-Vu and V,,-V, rrpertoires (IgG 
repertoire). 

(d) Cloning of the XFI? gene repertoires 

Purified DNA of the scFv gene repertoires (1 to 4 pg) 
was digested with Not1 and either A’$1 or Xc01 restriction 
enzymes. (The 2 different restriction enzymes were tried 
in an attempt to increase the cloning efficiency.) After 
digestion, the fragments were extracted wibh phenol/ 
chloroform, and ligated into pHEN1 (Hoogenboom et al.. 
1991) vector that had been digested with either &‘$I and 
lVotI or LVcoI and Not1 and electroeluted from a @So/o 
agarose gel (Sambrook et al.. 1990). Each scFv gene 
repertoire was combined in a ligation mixture which 
included 6 pg of digested vector. in a 100 /d ligation mix 
with 2000 units of phage T4 DNA ligase (New England 
Biolabs) overnight at room temperature. The ligation mix 
was purified by extraction with phenol and precipitation 
with ethanol. The ligated DNA was resuspended in 10 ~1 
of water, and 2.5 ~1 samples were electroporated (Dower et 
al., 1988) into 50 pl Escherichia coli TGl (Gibson. 1984). 
Cells were grown in 1 ml of SOC (Sambrook et al., 1990) 
for 1 h and then plated on TYE (Miller. 1972) medium 
with 100 pg ampicillin/ml and 1% (w/v) glucose (TYE- 
AMP-GLC), in 243 mm x 243 mm dishes (Nunc). Colonies 
were scraped off the plates into 10 ml of 2 x TY broth 
(Miller, 1972) containing 100 pg ampirillin/ml. 1:/b 
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Table 1 
Oligonucleotide primers used for PCR of human immunoglobulin genes 

A. Ist strand cDNA synthesis 

Human heavy chain constant region primers 

HuIgG14CHlFOR 5’-GIccFyJcrrazGrrGcTaxcrr-3’ 
HulgMFOR 51-m AAG m CAC Grr CM TIC m-31 

Human K constant region primer 

HuGKFOI~ 5’-XA cx Tee m al? GAA m CT?-3’ 

Human i constant region primer 

HuC’IFOR 5’-TG?.FI;ATrcTGrAczGGCcxmcIY3’ 

B. Primary Ptltls 

Human V, back primers 

HuVH 1aBACK 5’~GIy;cpGcrGGxcxGTcTcz-3’ 
HuVH2aBACK 5’-Q%GGrcA?LTIxpGGGpGTcTGG3’ 
HuVH3aBACK 5’~GTGcpGcEGIGGpGTcTocr3’ 
HuVH4aUACK 5’-S%GIGc?4ScrGcAGGpGTcGGG3’ 
HuVH5aUACK 5l-SL.Y GE c?4i cx TE CPG m (x-3’ 
HuVHBaBACK 5’cAGGrAc?+Gcxc%BGnxaS-3’ 

Human Jj, forward primers 

HuJHl-2FOR 5’-TGA GGA GAC m ac CAG m ax-3’ 
HuJH3FOR 5’-‘ET+ AGA GAC ~337 G?C CAT 'ET Ccc-3’ 
HuJH4-5FOR 5’-‘It3 Q;A GAC CXX GA!2 CPG GGT 7X-3’ 
Hu.JHGFOR 5’-‘I’Z G.3 GX GT C3.Z CGI GGT a-3’ 

Human V, back primers 

HuVtilaBACK 5’S.Z A'ICCZGATGACCCAG TCT C-3' 
HuVrcllaBACK S'-CAT GI'I GYIGAlGACl'CX KX C-3' 
HuVK3afiA(!K 5’a ATT GIG TIGAGC?GTCT C-3' 
HuVK4aBACK 5’-CX ATC GIGA'XACC CXTCT C-3' 
HuVK5aBACK 5’-Gwi m ACA CIC ACG c?G TCT E-3’ 
HuV&aHACK 5'-SAA'ITGTGCTGACTCXTcTC2-3' 

Human J, forward primers 

Hu,Jh-1 FOR 5’-ACG TIT CAT T-lx c&c CTI m ax-31 
HuJK~FOR 5’-AC32 lTT CAT C-IC C?G c?T GGT 0X-3’ 
HuJK~FOR 51-m TTT GTSI ?sTc CAC m a-x ax-31 
HuJK~FOR 5’-ACE m G?.T c!x CAC cm ax ccc-31 
Hu,JK~FOR 5’-ACG TIT PAT Cl.‘2 CAG TCG TGT CE-3’ 

Human 1. back primers 

HullBACK S’-cx TCI GIG TTG Aaz QG ax E-3’ 

Hul”BACK S’-cpG m m C-l-G Acx c?4z cm c33-3’ 
HuL3aBA(:K 51-m TAT GIG CTG Am CAG cc4 E-3’ 
Hul3bBACK 5’-m lrr GPG GIG Am CAG G&c E-3’ 
H&&BACK 5'-CACGITATACEACYcAAoXC-3' 
H urZ5BACK 5'-aGmGIGcrcm CAGCKZ E-3 
HulSUA(‘K 5'-AAT TIT A!E CT2 ACT CX C.X CA-3' 

Human I forward primers 

HuJil FOR 5'-AC TAG GX GGT GAC CI'I G'i? Ccc-3' 
HuJ12-3FOR 5'-ACC TAG GAC (32 CX CIT GGT Ccc-3' 
HuJ14-5FOR 5'-ACC TAAA42 GGT GPG CTG CGT Ccc-3' 

C’. P(‘K assmbly 

Reverse ‘JH for scFv linker 

RHuJHl-2 5'-3zAcm!xGTcAcrGTcrcmcxGTGG-3' 
RHuJH3 5'-G.RcAAmTc?laxTcrclTcFG~G-3' 
RHuJH4-5 5'-sAcfxmmcaTcr@2rcAGmG-3' 
RHuJHB 5'-aa a.3 axi m ax Tcr al? CPG GIG C-3' 

Reverse V. for scFv linker 

RHuVtilaBACKFv 5'-CGAG?C nr;GICA'IC nr,ATG 'RX GAT CCGCC-3' 
RHuVK2aBACKFv 5'-CZAGAClGAGTCATZAcAACATccGATccGCC-3' 
RHuVK3aUACKFv 5'-CGRGXlWZGlCAACACRA'ITTfXG?iTCECC-3' 
RHuVKlaBACKFv 5'-GAG?CTGGGICATCAEATG'KCG?+TKGCC-3' 
RHuVKSaBACKFv 5'-GsR@cmGIGAGTGrcGTrmGATccGcc-3' 
RHuVKBaUACKFv ~'~QCTG?~GICAQ~?JCAATTT~~GAT~~GCC-~' 
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Table 1 (continued) 

glucose (2 x TY-AMP-GLU) and 15% (v/v) glycerol for 
storage at - 70°C as a library stock. 

(e) Rescue of phagemid libraries 

To rescue phagemid particles from the library, 109 ml 
of 2 x TY-AMP-GLU was inoculated with lo9 bacteria 
taken from t,he library stock (approx. 10 ~1) and grown 
for 1.5 h, shaking at 37°C. Cells were spun down (IEC- 
Cent’ra 8, 4000 revs/min for 15 min) and resuspended in 
100 ml of prewarmed (37°C) 2 x TY broth containing 
100 pg ampicillin/ml (2 x TY-AMP). 2 x 10” plaque- 
forming units of VCSM13 (Stratagene) particles were 
added and the mixture incubated 30 min at 37 “C without 
shaking. The mixt,ure was then added to 900 ml of 2 x TY 
broth containing 100 /lg ampicillin/ml and 25 pg kana- 
mycin/ml (2 x TY-AMP-KAN). and grown overnight, 
shaking at 37°C. Phage particles were purified and 
concentrated by three PEG-precipitations (Sambrook et 
al.. 1990) and resuspended in PBS to lOi transducing 
units/ml (ampicillin-resistant clones). 

(f) Selection of phOx:BSA binders using tubes 

For selection, 75 mm x 12 mm immuno t,ube (Nunc: 
Maxisorp) was coated with 4 ml of phOx:BSA (1 mg/ml: 
14 phOx per BSA: Makehi et al., 1978) in PBS overnight 
at room temperature. After washing 3 times with PBS, 
the tube was incubated for 2 h and 37°C with 2% MPBS 
for blocking. The wash was repeated and phagemid 
particles ( lOi t.u.) in 4 ml of 2% MPBS added, incu- 
bated 30 min at room temperature, systematically 
inverting the tube using a rotating turntable, and then 
left undisturbed for a further 1.5 h at room temperature. 
Tubes were then washed 20 times with PBS, 61% (v/v) 
Tween 20 and 20 times with PBS (each washing step was 

performed by pouring buffer in and out immediately). 
Bound phage particles were eluted from the tube by 
adding 1 ml of 100 mM-triethylamine, inverting the tube 
using a rotating turntable for 15 min. The eluted material 
was immediately neutralized by adding 0.5 ml of 
1.0 M-Tris . HCl (pH 7.4). Phage were stored at 4°C. 
Eluted phage (in 1.5 ml) were used to infect 8 ml of 
logarithmic growing E. coli TGl cells in 15 ml of 2 x TY 
broth. and plated on TYE-AMP-GLU plates as described 
above, yielding on average lo7 t.u. For selection of 
phOx:BSA binders, the rescue-selection-plating cycle 
was repeated 4 times, after which phagemid clones were 
analysed for binding to both phOx:BSA and BSA. 

(g) Selection for lysozyme binders by 
panning and by afJinity column, 

A circular Petri dish (35 mm x 10 mm Falcon 3001 
Tissue culture dish) was used for enrichment by panning. 
During all steps, the plates were rocked on an A600 
rocking plate (Raven Scientific). Plates were coated over- 
night with 1 ml of TEL (3 mg/ml: Sigma) in 
50 m&r-sodium hydrogen carbonate (pH 9.6), washed 3 
times with 2 ml of PBS, and blocked with 2 ml of 2% 
MPBS at room temperature for 2 h. Approximately 
1013 t.u. phage in 1 ml of 2% MPBS were added per 
plate, and left rocking for 2 h at room temperature. Plates 
were washed for 5 min with 2 ml of the following solu- 
tions: 5 times with PBS; PBS, 602% Tween 20; 50 mM- 
Tris.HCl (pH 7.5), 500 mM-NaCl; 50 mM-Tris. HCl 
(pH 8.5). 500 m&r-NaCl; 50 mivr-Tris. HCl (PH 95) 
500 miv-NaCl and finally 50 mivr-sodium hydrogen carbo- 
nate (pH 96). Bound phage particles were then eluted by 
adding 1 ml of 100 m&r-triethylamine and rocking for 
5 min before neutralizing with 65 ml of 1 ivr-Tris. HCl 
(pH 7.4). Eluted phage was used to infect logarithmic 
growing E. coli TGl as described above. 
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Alternatively. TEL-Sepharose columns were used for 
affinity purification. One ml columns of TEL coupled 
to Sepharose (as described by Ward ~1 al., 1989) were 
washed extensively with PBS, blocked with 5 ml of 
2 0; MPBS, and 10” t.u. phagr in 1 ml of 2y0 MPBS 
loaded. Columns were washed wit.h 50 ml of PBS: 10 ml 
of PBS. @02q/, Tween 20: 5 ml of 50 mM-Tris.HCl 
(~1% 75). ,500 mM-Sa,Cl; 5 ml of 50 mn-Tris. HCI (pH 85)\ 
500 rnM-h’aC1: 5 ml of 50 m&r-Tris HCl (pH 9.5) 
,500 IIIM-h’&i and finally 5 ml of 50 miv-sodium hydrogen 
carbonate (pH 9.6). ,500 mM-Ka(‘l. Bound phage were 
&ted using 1.5 ml of 100 rnhf-triethylamine and neutral- 
ized with 05 ml 1 M-Tris. HCI (pH 74). Eluted phage 
were used to infect logarithmically growing E. coli T($l as 
described above. 

For selection of lysozyme binders hy either met.hod. t,hr 
rescue-selection-plating cycle was repeated 4 times. aft,er 
which phagemid clones were analysed for binding b> 
ELTSA. 

(h) Resew of phuge or .soluble .scF~: from 
individual phagemid clones for binding ELISA 

To rescue phage. single ampicillin-resistant colonies. 
resulting from infection of E. coli TGl with eluted phngr. 
were inoculat.ed into 150 pl of 2 x TY-.4MP-GLIT broth 
in 96-well plat,es (WI wells: Corning) and grown with 
shaking (250 revs/mill) overnight at 37 “(‘. A 96-well plate 
replicator was used to inoculate approximately 4 ,~l of thr 
overnight cultures on the master plate into 200 ~1 fresh 
2 x TY-AMP-GLU. After 1 h. 50 ~1 of 2 x TY-APUIPGLI 
broth containing 10’ p.f.u. of V(‘S-Ml3 was added t’o each 
well. and t’he plate incubated at 37 “(’ for 45 min without 
agitation. The plate was then shaken at 37°C for 1 h after 
which t,ime glucose was removed by spinning down the 
crlls (IE(!-Centra 8, 4000 revs/min for 16 min). and aspir- 
ating the supernatant with a drawn-out glass Pasteur 
pipete. Cells were resuspended in 200 ~1 2 x TY-AMI’- 
KAK broth and grown for 20 h. shaking at 37°C’. 
Supernatant containing phage was tested for binding b) 
ELISA. 

To produce soluble scFvs. single ampicillin-resistant 
colonies of infected E. coli HB21.51. a, non-suppressor 
strain (Cart’er et al.. 198.5). were inorulat,ed into 150 ,uI of 
2 x TY brot.h containing 100 gg ampicillin/ml and &I ?>, 
glucose in 96.well plates and grown with shaking at 37°C’ 
until an A,,, nm of 0.9 was reached. Expression of soluble 
scFv was induced by the addit’ion of isopropyl fl-n-thio- 
galactopyranoside to a tinal concentration of 1 rn>l 
(DeBellis & Schwartz. 1990) and the cultures grown over- 
night at 30°C. Supernatant containing soluble scFv was 
taken for analysis by ELISA. 

Analysis of phage for binding to phOx:BSA. BSA or 
lysozyme by ELISA was performed on bacterial super- 
natants containing phage essentially as described b> 
Clackson et al. (1991), with 100 pg phOx:BSA or BSA/ml, 
or 3 mg TEL/ml used for coating. The specificity of 
isolated clones was checked by ELISA of the soluble scFv 
fragments using plates coated with various proteins at 
1 mg/ml (hen egg ovalbumin. hen egg lysozyme. chymo- 
trypsinogen A, cytochrome c. bovine t.hyroglobin. glycer- 
aldehvde-3-phosphate dehydrogenase, chicken egg white 
trypsm inhibitor (Sigma). keyhole limpet haemocyanin 
(CalBiochem)). Binding of soluble scFvs t,o antigen was 
detected with the mouse monoclonal antibody 9ElO 
(1 pg/ml). which recognizes the C-t,erminal peptide tag 

(Munro & I’elham. 1986). snd peroxitlasr-(~olliugat,rtf arrtr- 
mouse Fc antibody (Sigma). as described (Ward rt al.. 
1989). 

The diversity of the original and srlec:t,ed libra.ries \+a~ 
determined by PCR screening ((:iissow & Clarkson. 1989). 
Recombinant clones were screened before and after selr~ 
tion by amplifying t,hr scFv insert using primers T,hll3S 
(5’.CA(:(:AAACACrCTAT(:B(:. which sit)s upstream from 
the pelB leader sequence) and fd-KEQ 1 (5.G.-ZATTTT(‘T- 
GT,\TGAGC:. which sits in the 5’ end of gent’ :i) follo\vrd 
by digestion with the frequent-cutting enzyme H&l. Thtx 
heavy and light chain variable regions from at least :! 
clones of each r.estric’t,ion pattern were sequen~d using a 
Sequenasr kit (L’SB) by the dideoxy chain trrmina.tion 
method (Sanger et al.. 1977). The nucleic a,c*id sequences of 
thr V-regions were compared with a database of germlinr 
\‘-genes to drtrrmine t,hr family of origin and ext)ent of 
somatic mutation 

‘I’hta frequency of lambda and kappa light chains ill the 
unselected IpM library was determined by probing 
replica-plated colonies with either an equimolar mixturr 
of the V, PCR primers (Table 1) or an rquimolar mixture 
of family-specific \: framework 1 probes (Marks Pf 01.. 
1991 ). One hundred individual colonies from the unsr- 
lected IgM library werp replica-plated OII 2 x TY-AM]‘- 
GLI’ plates and llftrd onto nylon membranes (Hybond-K. 
045 pm). The membranrs were treated as drscribed 
(f<uluwcla ct al.. 1989) and thrn ultraviolet (~rosslinkfvl for 
,5 min (Strat,alinkrr: StSratagenr). ~l~mbranrs wt’rr preh! 
bridizrad for PO min at 42°C’ in hybridizatjion solut,ion 
(0.9 M-Sa(‘l. 0.09 >I-Tris (pH 7.5). 6 rn>l-EDTA (pH 7.4). 
I tnM-sodium pyrophosphate. 0.5”/, (v/v) KP40. 06 mg/l 
rATP. 20 mg/l yeast IWiZ. 20 mg/l Ficoll 100. 20 mg/l 
l)(~l~vinyl~).vrrolitlone and 20 mg/l BSA) and then hybrid- 
ized for, 2 h at 41°C’ with 10 pmol of (y321’)-labclled 
oligonuc~leotide probe. Membranes were sashed OIIVFL at 
4” y, for, 10 nrin in 6 x SK’ (900 mhvXa(‘l. 
90 rnhl-trisodium ritrat.e. pH 7.0). 01 o. (w/v) SDS. ~1 O0 
(w/v) sodium pprophosphate, once for I5 min at 55°C’ in 
3 >I-tetramethylammonium chloride. 50 mu-Tris 
(pH 8.0). 0.1 “0 SDS. 2 rn>l-NUTA and exposed for Z h on 
Fuji R,X film 

Thr phOx binding scFv (*lone I;? (rphOx 15) and the 
TEL binding scFv clone 9 (rTEL9). which gavr thr st.ron- 
gest ELK4 signa.lx. w’erv vhosrn for aflinity determinx- 
tion. Colonies of E. coli HB2151. a norl-suppressor strain. 
harbouring the appropriatje phagemid wvre usrd to inocu- 
late 10 1 of 2 x TY caont,aining 100 ~g: ampioillin/mI and 
0.1q 0 glucose. The cultures were grown t; an d,,, nm ot 
0.9 and exuression of soluble scFv induced bv the addition 
of IPT(: to a final concentration of I rnM (DeBrllis dz 
Schwartz, 1990). Supernatant was concentra,ted &fold b> 
ultrafiltration (Filtron: Flowgen) and 200 ml loaded onto 
a 5 ml column of Prot.rin A~--Sepharosr crosslinked b? 
dimethg1pimeiidat.e (Harlow & Lane. 1988) to the mono- 
clonal antibody 9ElO t,hat recognizes the (I-trrminal 
peptide t.ag (Clackson et al.. 1991: Munro 8r Pelham. 
1986). The column was washed with 100 ml of PBS: 10 ml 
of PBS. 0.5 -M-Karl: 10 ml of 02 M-glycine (pH 60): and 
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10 ml of 92 M-glycine (pH 5.0). The scFv fragment was 
eluted with 10 ml of 62 M-glycine (pH 30), neutralized 
with Tris base and dialysed into PBSE (PBS buffer 
containing 0.2 mM-EDTA). Supernatant from a separate 
induction of the aTEL9 scFv was purified on lysozyme- 
Sepharose (Ward et al., 1989). 

Affinities were measured by fluorescence quench tech- 
niques, based on the quenching of tryptophan fluores- 
cence by the bound hapten or antigen (Eisen 1964; Foote 
& Milstein. 1991: J. Foote & G. Winter, unpublished 
results). All measurements were made with a Perkin- 
Elmer LS-5B spectrofluorimeter, using an excitation 
wavelength of 280 nm. Antibody (0.9 ml) in PBSE, was 
placed in a 4 mm x 10 mm cuvette in the instrument, and 
held at 20°C. 

For determination of the affinity of aphGxl5, fluores- 
cence quench titration was performed essentially as 
described by Foot’e & Milstein (1991). A regime of hapten 
excess was used: the antibody concentration (100 nM) was 
at most equal to the lowest concentrabion of hapten. 
Negligible volumes of the hapten 4-y-amino-butyric acid 
methylene 2-phenyl-oxazol-5-one (phOx-GABA) were 
added to aphOxl5 protein to cover a concentration range 
of 62 to 4 times the preliminary estimate of the dissocia- 
tion constant (500 nM), and the fluorescence detemined 
1 min after each addition. Emission was monitored at 
340 nm. Data were averaged from 3 runs and the value of 
the equilibrium constant was obtained from a least- 
squares fit of the data to a hyperbola. 

Fluorescence quench titration was also used to deter- 
mine the affinity of aTEL9 (Eisen, 1964; J. Foote & G. 
Winter. unpublished results). aTEL9 protein at 200 rnM 
was titrated t’o 2fold molar excess with TEL (Sigma) in 
PBSE, sample fluorescence being determined 1 min after 
each addition. Emission was monitored at 350 nm and the 
titration repeated 6 times. Five identical titrations with 
TEL were also performed on aphOx15 as control. The 
fluorescence data from each of the 6 titrations of aTEL9 
were subtracted from the mean fluorescence values from 
the 5 control titrations of aphOxl5 t’o account for the 
fluorescence contributed by the added TEL. To obtain the 
eqmhbrium constant, fluorescence data, averaged from 
the 6 corrected titrations of aTEL9, were fit by least 
squares to a hyperbola. 

(m) Western blot 

Western blotting was performed essentially as 
described by Towbin et al. (1979). Samples (10 pg and 

1 pg) of TEL were subjected to SDS/PAGE (Laemmli, 
1970) and protein transferred by electroblotting to 
Immobilon-P (Millipore). The blot was blocked with PBS, 
3% BSA for 20 min and t’hen incubated with aTEL9 
(1 pg/ml) in PBS, 3% BSA for 1.5 h. Binding of aTEL9 to 
lysozyme was detected with 9ElO (1 pg/ml) and peroxi- 
dase-conjugated anti-mouse Fc antibody (Sigma) as 
described Ward et al. (1989). 

3. Results 

(a) Generation of SCFV gene repertoires and libraries 

Single bands of the correct size for Vn: V, and VA 
cDNA were obt’ained after amplification of first 
strand cDNA made from RNA primed with the 
appropriate constant region primer (Table 1). pljo 
bands were obtained in the absence of a primer in 
the first strand cDNA reaction, indicat,ing that the 
products resulted from the amplification of RNA 
and not DNA. A major band of the appropriate size 
for an assembled scFv gene was obtained when the 
Vu and V,, or Vu and V,, were combined with linker 
DNA in a PCR reaction. No product was obtained 
in the absence of linker DNA (data not shown). 

Libraries of 2.9 x lo7 Vn,-V, scFr clones (IgM 
library) and 16 x lo8 Vu,-Vr scFv clones (IgG 
library) were obtained (Fig. 2). Analysis of 100 
colonies from the IgM library by probing revealed 
that 81 carried either kappa or lambda light chains 
(45 (56%) for lambda and 36 (44%) for kappa). 
Analysis of 48 clones from each unselected library 
(IgM and IgG) indicated that great)er than 9004 of 

the libraries 
judged by the 

the clones-carried an insert, and 
appeared to be extremely diverse as 
RstNI restriction pattern (Fig. 3(a)). 

(b) Isolation and characterization of binders 

Phagemid particles were rescued from the library 
by superinfection with helper phage and selected by 
passing over either immobilized TEL or phOx:BSA. 
Eluted phage were used to infect E. coli, the library 
was again rescued with helper phage and the 
phagemid particles were subjected to a second 

I.6 x IO' clones 

Id B-lymphocytes V-gene SC+gene SCFV phage library 
repertoires repertoires 

Figure 2. The origin of V-genes in the phage libraries. RPU’A made from 10’ P-lymphocytes was primed with constant 
region-specific primers (for IgM, IgG, CK and CA) and 1st strand cDKA synthesized. Portions of 1st strand cDNA were 
used to amplify Vufl and VuiHy genes, and V, and V, genes. The V-genes were assembled together in separate PCR assembly 
reactions to generate 4 distinct scFv repertoires: Vm, -V,. 
were combined and cloned to generate a Vu,, 

Vu,-VI, VuY-V, and VHy-Vi. The Vu,-V, and Vu,,-VA repertoires 
scFv library of 2.9 x 10 clones. Likewise the i7HHy-Vu and VuY-VA repertoires 

were combined and cloned to generate a Vu, scFv library of 1.6 x lo8 clones. 
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_.. 

(b) 

Figure 3. B&l fingerprinting of scFv clones. The scFv insert was amplified from individual colonies. the product 
digested with B&N1 and analgsed on an agarose gel. RI: 4X174 DKA HaeIIT-digested molecular weight markers. 
(a) Lanes 2 to 12 and 14 to 23 are digests from colonies from the library before selection. (b) Lanes 2 to 12 and 14 to 21 
are digests from 21 random colonies after 4 rounds of panning of the IgM library on TEL. Lanes 22 and 23 are digests of 
2 other TEL binding clones obtained after 4 rounds of selection of the IgM or IgG library on a TEL column. respectively. 

round of affinity purification. Four rounds of (Table 2). Unselected clones and clones isolated 
rescue-selection-infection were performed. Clones after one and two rounds of selection showed no 
binding TEL, BSA and phOx were identified after binding. Comparison of the frequency of binders to 
four rounds of selection of the IgM library (Table 2). TEL and BSA obtained after three and four rounds 
In contrast. only clones binding TEL were identified of selection indicates up to SO-fold enrichment in the 
after four rounds of selection of the IgGl library fourth round of selection. Thus, these binders must 

Table 2 
Frequency of binding clones from scFa libraries before and after selection 

Rounds of selection 

0 1 2 :1 

A. IgM library 

Human anti-TEL: panning 
Human anti-TEL: columns 
Human anti-BSA: panning 
Human anti-phOx: panning 

u. iyu library 

Human anti-TEL: panning 
Human anti-TEL: columns 
Human anti-RSA: panning 
Human anti-phOx: panning 

O/864 01192 01 I92 3; 192 94; 192 
19,/96 

o/192 0: 192 o/ 192 “;I92 13/96 
o/192 O/192 t1092 O/l92 I ;96 

0;9ti 
S/96 
O/96 
O/96 

Panning, antigen coated on Petri dish; columns, antigen covalently linked to Sepharose column; IgM library. single chain Fv library 
(scFr) with V, genes derived from IgM mRNA; IgG library. scFv genes with V, genes derived from IgG mRNA. 
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TEL 

BSA 

aTEL9 aTEL14 aTEL 13 aphOxl5 aBSA3 

Figure 4. Specificity of soluble single chain Fvs (scFvs). Binding was determined by ELISA to a variety of proteins. 
ctTEL9, aTEL13 and aTELl = 3 anti-turkey lysozyme scFvs; aphOxl5 = anti-2-phenyloxazole-s-one scFv; aBSA3 = 
anti-bovine serum albumin scFv. Antigens: TEL (filled box), phOx-BSA (hatched box), BSA (stippled box); other 
antigens (open box) = keyhole limpet haemocyanin, bovine thyroglobulin, chymotrypsinogen ,4, hen-egg ovalbumin, 
cytochrome c, hen egg lysozyme, hen egg trypsin inhibitor, glyceraldehyde+phosphate dehydrogenase, and plastic. 
plastic 

have been present in the original library at a 
frequency of 1 per 6.25 x lo6 clones (1/504) if enrich- 
ment were equal over the four rounds of selection. 

BstNI fingerprinting of 23 lysozyme binding 
clones from the IgM library indicated the presence 
of three different digestion patterns, whereas the six 
lysozyme binding clones obtained from the IgG 
library all had the same restriction pattern 
(Fig. 3(b), and data not shown). The BstNI finger- 
printing of 35 BSA binding clones indicated the 
presence of only one digestion pattern (data not 
shown) which was different from the pattern of the 
phOx binding clone. 

The sequences of the variable regions of multiple 
clones representing the different restriction patterns 
indicated that there were four unique TEL binders 
(aTEL9, aTEL13, aTELl and aTEL16), one BSA 
binder (aBSA3) and one phOx binder (aphOxl5) 
(Table 3). The V,s were derived from four different 
V, families and five different V, germline genes 
(Table 5). The light chains were mainly lambda 
(5/6) and were derived from four different light 
chain families and germline genes (Table 5). Both 
V-genes of orBSA were unmutated compared to 
germline (Tables 4 and 5). Similarly, the V-genes of 
aphOx15 were minimally mutated from germline (4 
differences with VH3806 (Berman et al., 1988) and 
six with IGLVSSl (Frippiat et al., 1990)). Two other 
antibodies (aTELl and aTELlS) had heavy chains 
that are more extensively mutated (11 and 18 
changes from VH251 (Sanz et aE., 1989)). Only upper 
estimates of mutation are possible for the other 
chains (Tables 4 and 5), as the sequences of all the 
germ-line V-genes from these families are not 
known. Finally, the TEL binder isolated from the 
IgG library (aTELlS) was highly related to one of 
the IgM TEL binders (crTEL13), and with a greater 
degree of somatic mutation. 

(c) SpecQicity of binding 

Soluble antibody fragments were readily prepared 
by growth of E. coli HB2151, a non-suppressor 
strain, carrying the phagemid (Hoogenboom et al., 
1991). Soluble scFvs of clphOx15, aBSA3, aTEL9, 
@TEL13 and aTELl were highly specific in an 
ELISA to test cross-reactivity (Fig. 4). The aTELl 
scFv, isolated from the IgG library, could not be 
detected in ELISA as a soluble fragment, probably 
due to its low aifinity. 

97 

69 

46 

3c 

21 

14 

Figure 5. Purification of scFvs protein from a bacterial 
supernatant. M, molecular weight markers ( x 10m3). 
Lane 2, unpurified bacterial supernatant; lane 3, ctTEL9 
scFv protein purified on a lysozyme-Sepharose column; 
lane 4, aTEL9 scFv protein purified on column of anti- 
body 9ElO directed against the c-myc tag; lane 5. 
aphOxl5 scFv protein purified as in lane 4. 
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Table 5 
V-gene family, germline derivation and extent of somatic hypermutation of antigen-specific clones isolated from 

unimmunized libraries 

ClOllP Family 

aHSA3 IT,, 3 
aphOxl5 I-“, 
aTEL9 VH4 
aTEL14 V”‘t 
aTEL13 VH5 
aTELl V”, 

v,, 

Germlinc gene 

VH1.9111 
VH3806 
U514A (1:514(:) 
lT4.H 
VH251 
VH2.51 

VL 

Differences from Differences from 
germlinr Family Germline gene germline 

0 VA.3 IGLV3Sl 0 
4 VA1 JMV,U A 7 

<22 v-1 HK137 < 20 
< 19 1-13 

I . IGI‘C3hl <IO 
11 v i. 2 .JMV12F <31 
18 v 12 *JMVE.2F <3x 

&SA3. bovine serum albumin binder: aphOxl5, 2-phenvl-oxazol-5-one binder: aTEL9, aTEL13, aTEL14 and aTEL16, turkey egg 
lysozyme binders. References for germline ienes: see ‘i’able 4. 

(d) Protein purijcation and binding aginity 

Soluble scFv crTEL9 was purified in one step on a 
TEL-Sepharose column or via its c-myc peptide tag 
on a 9ElO antibody column (Fig. 5). Soluble scFv 
ccphOxl5 was purified in one step on a 9ElO column 
(Fig. 5). Typical yields were 2 mg/l after purifica- 
tion on 9ElO and 5 to 10 mg/l after purification on 
an antigen column. The dissociation constant of the 
aTEL9 scFv was 86( +Sl) nM and the dissociation 
constant of the crphOxl5 scFv was 534( +72) nM. 
The high standard error observed for t’he dissocia- 
tion constant of crTEL9 has been observed for hen 
egg lysozyme binding antibodies using this tech- 
nique. However, equilibrium constants obtained by 
fluorescence quench titration are consistent with 
those deduced by the more precise pseudo-equili- 
brium relaxation method (J. Foote & G. Winter, 
unpublished results). Finally, soluble aTEL9 scFv 
could be used to detect lysozyme (1 pg) in a 
Western blot (data not shown). 

4. Discussion 

We used a phage display library utilizing V-gene 
repertoires to isolate antibody fragments of reason- 
able affinity against three different (foreign) anti- 
gens. The two donors were unimmunized, and their 
serum IgM antibodies did not appear to bind to the 
antigens TEL or phOx-BSA as there was no differ- 
ence in signal intensity in wells coated with antigen 
compared with control wells not containing antigen. 
Furthermore most of the VH genes of the binders 
derive from the IgM (naive and primary response 
B-cells) rather than the IgG mRNA (secondary 
response B-cells). Each of the heavy and light chain 
pairings in Table 5 is unique and contrasts with the 
promiscuous pairings (in which one chain is asso- 
ciated with more than one partner) noted in libra- 
ries from the IgG mRNA from immunized animals 
(Clackson et al., 1991; Caton & Koprowski, 1990; 
Persson et al.: 1991). Therefore, the library appears 
to be naive with respect to these antigens. 

A recent attempt to isolate human antibodies 
from an unimmunized donor using a I phage 

random corn binatorial library failed (Persson et al.. 
1991). The library (lo6 members) was constructed 
from IgG mRNA using only PCR primers for Vul. 
vkl3, V,, and V,. gene families and was screened 
for antigen binding using nitrocellulose filters. 
However, library size, diversity and binding thres- 
hold determine the chances of isolating binders. The 
probability (p) that an epitope is not recognized by 
at least one antibody in a library depends on the 
probabilit,y (p[K]) that a.n individual antibody 
recognizes a random epit’ope with an affinity above 
a threshold value ([K]) and on the number of 
different antibodies (W) according to t’he equation 
p = eCNpfK1 (Perelson, 1989). 

We attempted to maximize the size of t,he library 
by using a pI!C-based phagemid (Hoogenboom it 
al., 1991) that has higher transformation efficiencies 
than fd vectors. Indeed our library sizes (1 O7 to lO* 
members) were at least a,n order of magnit’udr 
greater than with phage fd (Claekson of al.. 1991). 

We also attempted to maximize diversity by using 
primers optimized for each V-gene family. as well as 
utilizing IgG and IgM mRSA and both K and i light 
chains. The V, genes of t,he binders belong to four 
different families (Vu families 1. 3, 4 and 5). as do 
the light chain genes (V, families 1. I and 3, and V, 
family 1). Furthermore, most (5/6) of the binders 
were derived from the TgM mRN4. perhaps 
reflecting the greater diversity of Vu genes. Indeed 
the only binder from the IgG mRNA (aTELI6) had 
the poorest binding affinity and/or decreased 
expression and was barely detectable by ELlSA. 

The chances of finding a phage with binding 
activity also depend on its affinity and the efficiency 
and number of rounds of selection. Both phage 
(McCafferty et al.. 1990; Scott 8: Smith, 1990) and 
phagemid (Hoogenboom et al.. 1991: Bass et al., 
1990) vectors have been used to display peptide or 
protein fusions with g3p. The phage vectors allou- 
three copies of t,he g3p fusion protein on ea,ch phagr 
particle (Glaser-Wuttke et al.. 1989), whereas the 
g3p fusion protein encoded by phagemid vectors has 
to compete with the g3p of the helper phage for 
incorporat,ion into the phagemid part’icle. ,4lthough 
phage vectors should permit isolation of a greater 
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number of binders, by virtue of the avidity of 
binding of the multivalent antibody heads, many 
will have poor affinities. To enrich for the higher- 
affinity antibodies, we used phagemid vectors. We 
noted lower selection efficiencies with phagemid 
(50-fold/round), compared to 675 to lOO@fold per 
round for phage vectors (Clackson et al., 1991; 
McCafferty et al., 1990). We found that three or four 
rounds of selection were required to isolate the 
binders, and estimate that only one or two copies of 
each were present in the original library of 3 x 10’ 
members. 

The binders utilize both germline and mutated 
V-genes. Most of the differences are likely to have 
arisen as a result of somatic mutation of the V-genes 
in the original B-cells, but some may have arisen 
during the PCR amplification and assembly process. 
Indeed the heavy chain of aTEL9 may have arisen 
from a cross-over during PCR amplification between 
rearranged Vn-genes from two highly related 
germline genes U514A and U514G (Table 4). 
Surprisingly, most of the binders (5/6) utilized VA 
rather than V, genes despite their equal represen- 
tation in the unselected library. However, human 
hybridomas prepared by EBV immortalization 
often secrete IgM and A chains (Thompson et al., 
1991), and during maturation of the immune 
response, the repertoire may shift from IgM, 1. anti- 
bodies t’o 1gG. K (Thompson et al., 1991; J. Bye, N. 
Hughes-Jones. J. I). Marks & G. Winter, unpub- 
lished results). 

By using phagemid vectors we can mimic the 
switch of antibody from its display on B-cells to its 
secretion by plasma cells. By interposing a stop 
codon between the antibody and g3p, the antibody 
fragments can be switched between surface display, 
or secretion as a soluble fragment from bacteria, by 
growth in suppressor or non-suppressor strains of 
bacteria (Hoogenboom et al., 1991). The affinities of 
two of the soluble antibody fragments aphOx15 and 
aTEL9, prepared in this way, as determined by 
fluorescence quench (h’, = 2 x lo6 Mm ’ and 10’ Mp ‘, 

respectively), appear similar to those of human I&M 
antibodies derived from PBLs after immunization. 
For example t’he afinities of human IgM antibodies 
directed against rhesus D antigen, and made by 
EBV immortalization of PBLs from immunized 
donors lie in the range of 10’ M-l (Hughes-Jones & 
Gorick, 1991). 

The antibody fragments isolated from the library 
are also highly specific (Fig. 4) to the antigen used 
in panning. For example, those fragments isolated 
using TEL did not bind to a range of other protein 
antigens, including hen egg white lysozyme that 
differs by only seven amino acids (Imoto et al., 
1972). The monovalent aTEL9 fragment could even 
be used in Western blotting but the sensitivity (1 pg 
TEL) was poor. 

Although we can make human antibodies with 
reasonable afinit? and specificity, a yet more 
diverse and large hbrary should enable the isolation 
of even higher-affinity antibodies (Perelson, 1989). 
For example, the rearranged V, genes would reflect 

more the naive B-cell repertoire if they had been 
prepared from the mRNA of membrane-bound IgM 
or IgD (for example, by basing primers for cDNA 
synthesis in the membrane anchor region). Other 
diverse libraries might be constructed by assembling 
unrearranged V-genes with synthetic D and J 
elements, or by assembling diverse antigen binding 
loops on a common structural framework (Milstein, 
1990). Larger libraries could be made by improving 
transfection and ligation efficiencies and by scale- 
up, or by encoding repertoires of light chains on one 
vector and heavy chains on another (Hoogenboom 
et al., 1991). 

Alternatively higher-affinity antibodies might be 
made by mut,ating the binders and selecting those 
with improved affinity (Winter & Milstein, 1991). 
Point mutants could be made in a variety of ways; 
for example, using an error-prone polymerase (Llao 
& Wise, 1990), spiked oligonucleotides (Hermes et 
aZ., 1989), or growth of the phage in mutator strains 
of bacteria (Schaaper, 1988; Yamagishi et al., 1990). 
For more extensive variation, artificial cross-overs 
could be induced with related genes using the poly- 
merase chain reaction (Meyerhans et al., 1990), or 
light or heavy chains replaced by repertoires 
(Clackson et al., 1991). Selection of antibodies on 
phage according to affinity has demonstrated that. 
for example, high-affinity binding phage (10’ M- ‘) 
can be fractionated 104-fold with respect to low- 
affinity phage (IO5 M -‘) using only two rounds of 
selection (Clackson et al., 1991). By using several 
rounds of selection and adjusting the coating 
density of t’he antigen used for panning, it is also 
possible to select between phages bearing antibodies 
that are much closer in affinity. However, phagemid 
vectors leading to display of only a single copy of 
the antibody on the surface of the phage are prefer- 
able for selection between phages with closely 
related affinities when using antigen immobilized on 
solid phase (T.P.B. & G.W., unpublished results). 

For making high-affinity antibodies, phage 
display libraries built from the spleen mRNA of 
hyperlmmunized animals (Clackson et al., 1991), or 
PBL mRNA of deliberately immunized humans 
remain attractive. However, immunization is often 
difficult, and new libraries have to be constructed 
for each antigen. In contrast, a single library made 
without immunization may provide a rich source of 
antibody specificities, including those directed 
against “naive” antigens (as described above). 
common pathogens or self antigens. For example, 
from the same library as above, we have isolated 
specificities directed to human blood group B, 
human tumour necrosis factor-a, and a human 
monoclonal antibody (our unpublished results). We 
propose the term “natural” libraries for those 
derived from unimmunized donors, and envisage 
that human antibodies of many specificities will be 
made in the future by panning a single large natural 
phage display library with antigen. 
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