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By-passing Immunization
Human Antibodies from V-gene Libraries Displayed on Phage
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We have mimicked features of immune selection to make human antibodies in bacteria.
Diverse libraries of immunoglobulin heavy (Vy) 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 (>107 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
with “antigen” (turkey egg-white lysozyme (TEL) or bovine serum albumin) or “hapten”
(2-phenyloxazol-5-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) =107 m~; K, (phOx) = 2x10° 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 the 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
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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 to an antiglobulin
response and hypersensitivity reactions. Ideally
human monoclonal antibodies would be used, but it
is difficult to make them. Not only are peripheral
blood lymphocytes (PBLs}) a poor source of the
blast cells that 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 affi-
nity (for a review and references, see Winter &
Milstein (1991)).

However, there are other 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 to express soluble antibody
fragments, which are then screened for antigen-
binding activities (Ward et al., 1989; Huse et al.,
1989; Caton & 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 10®° human PBLs were combined at
random in bacteriophage lambda, so scrambling the
original heavy and light chain pairings. When the
combinatorial library (107 members) was expressed
in bacteria and 12,000 plaques were screened on
nitrocellulose filters for binding to toxoid, 10
binders were found (Mullinax et al., 1990). Thus,
human antibodies can be made by filter screening of
combinatorial libraries from immunized donors.

By contrast we have avoided the screening of
large numbers of individual clones on filters 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 the surface
of B-cells, and specific recognition with antigen trig-
gers cell proliferation and differentiation into anti-
body-secreting or memory pathways. We have
displayed (Smith, 1985; Parmley & Smith, 1988)
antibody fragments on the surface of filamentous
bacteriophage by fusion to a minor coat protein at
the tip of the phage, the gene 3 protein (g3p)
(McCafferty ef al., 1990). Phage encoding antibody
fragments with binding activities were selected from
those encoding non-binders by affinity chromato-
graphy. By rounds of growth and selection, rare
binders were selected, with an enrichment of one in
10® after one round of panning, and one in 10°
after two rounds (McCafferty et al., 1990). Antibody
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 seFv: McCafferty
et al., 1990), or as non-covalently associated heavy
and light chains (Fab fragments) (Hoogenboom et
al., 1991). Fab fragments have also been displayed
as fusions with the major coat protein (gene &: Kang
et al.. 1991). Recently we used phage to display a

small random combinatorial library (2% 10°
members) of scFv antibody fragments from the
spleen mRNA of immunized mice (Clackson et al..
1991). The mRNA is presumably derived mainly
from plasma cells (R. Hawkins & G. Winter, unpub-
lished results), as the level of Ig mRNA in these cells
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 the range of 10°> M~* to
108 m~1.

However, it is rarely possible to immunize
humans to order, and the possibility of making
human antibodies without prior immunization is
particularly appealing. We have therefore applied
the phage display technology to making human
antibodies from V-gene repertoires from unimmun-
ized donors. We made a large scFv library from the
PBLs, and with greater than 107 members it was
similar in size to the B-cell repertoire of a mouse at
any one moment. The library was also made as
diverse as possible by using both V_and V; light
chains, as well as Vys derived from IgM and TgG
mRNA. Diversity was further maximized by using
PCR primers based on each of the human heavy and
light chain gene families (Marks ef al.. 1991).
Finally, the library was subjected to multiple
rounds of affinity selection to ensure that even a
single clone in the original library could be isolated.

2. Materials and Methods
(a) Primer design

We optimized the design of the PCR primers for the
rearranged V-genes to maximize the diversity of the PCR
products. The primers were located at the 5 and 3" ends
(back and forward primers, respectively) of the mature
V-regions (Orlandi ef ol., 1989 Marks ef al.. 1991
Songsivilai et al., 1990). but did not incorporate internal
restriction sites that mismatch the template 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-segments
(Table 1). Furthermore. sets of PCR primers were
designed to optimize the linking of V and V,_or V, genes
at random. and append restriction sites to the linked
genes (Table 1 and Fig. 1).

(b) Assay of donor serum for presence of

IgM antibodies to phOx-BSA and TEL

Serum from the 2 donors was assaved for the presence
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 Diagnostics).
Microtiter plates were coated overnight with either 10 pg
phOx-BSA/ml or 10 yg TEL/mi. Plates were washed 3
times with PBS (phosphate-buffered saline: 25 mm-
NaH,PO,. 125 mm-NaCl. pH 7:0) and blocked for 2 h
with 29, MPBS (29 (w/v) skimmed milk powder
(Marvel) in PBS) at 37°C'. Donor serum was diluted 1/40
in PBS and 50 ul was added to the microtiter wells and
incubated for 30 min at room temperature. The plates
were washed 3 times with PBS and 50 ul horseradish
peroxidase-conjugated anti-human IgM antibody was
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Figure 1. Making scFv gene repertoires. (a) mRNA is
primed with constant region-specific oligonucleotides and
Ist strand ¢cDNA synthesized. (b) Portions of lst strand
¢DNA are PCR amplified with a mixture of V-gene and
J-segment primers. (c¢) The rearranged Vy and V, PCR
products are combined in a 2nd PCR amplification
containing linker DNA that overlaps the C terminus of
the Vi 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 sites.

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

(¢) ¢DN A 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 RNA was
prepared using a modified method described by Cathala et
al. (1983). Heavy chain repertoires were prepared from
both TgG and IgM ¢DNA 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 ¢DNA syntheses were made as
described (Marks ef al., 1991) from RNA corresponding to
2-5% 107 B-cells, using either an IgG or an IgM constant
region primer for the heavy chains, or a k or 1 constant
region primer for light chains (Table 1 and Fig. 1(a)). All
of the ¢cDNA was used to generate 4 separate repertoires
of scFv genes (Vy, V. VgV, VgV Vy,-V,) as
described below (Figs 1 and 2).

Vi, V. and V,-genes were amplified separately using an
equimolar mixture of the appropriate family-based back
and forward primers (Table 1, Figs 1(b) and 2). Reaction
mixtures (50 ul) were prepared containing 5 ul of the
supernatant from the c¢cDNA synthesis, 20 pmol back
primers, 20 pmol forward primers, 250 um-dNTPs

10 mm-KCl, 10 mm-(NH,),80,, 20 mm-Tris HCI (pH 8-8),
2-0 mm-MgCl,, 100 ug BSA/ml and 1 ul (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 29, (w/v)
agarose gel, isolated from the gel by Geneclean (Bio-101)
and resuspended in 25 ul of water.

To make the scFv linker DNA, 52 separate 50 ul 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 template was approxi-
mately 1 ng of pSW2scFvD1-3 (McCafferty ef 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 29, agarose
gel, eluted from the gel on a Spin-X column (Costar) and
precipitated with ethanol.

For PCR assembly of the scFv repertoires (Fig. 1(c)),
approximately 1 ug of a primary heavy chain amplifica-
tion (Vy, or Vy,) and 1 ug 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-V, linkers)
in a 50 ul 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 previousty. The resulting scFv
repertoires (Vy,-V,, Vu,-V,, Vy,-V,, V-V, were purified
on a 1-59, agarose gel, electroeluted and precipitated with
ethanol (Sambrook et al., 1990). For subsequent cloning,
the Vy,-V, and Vy,-V; repertoires were combined (IgM
repertoire) as were the Vy -V, and Vy -V, repertoires (IgG
repertoire).

(d) Cloning of the scFv gene repertoires

Purified DNA of the scFv gene repertoires (1 to 4 pg)
was digested with NotI and either Sfil or Neol restriction
enzymes. (The 2 different restriction enzymes were tried
in an attempt to increase the cloning efficiency.) After
digestion, the fragments were extracted with phenol/
chloroform, and ligated into pHEN1 (Hoogenboom et al..
1991) vector that had been digested with either SfI and
Notl or Ncol and NotI and electroeluted from a (-89
agarose gel (Sambrook et al., 1990). Each scFv gene
repertoire was combined in a ligation mixture which
included 6 ug of digested vector, in a 100 gl 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 ul
of water, and 2:5 ul samples were electroporated (Dower et
al., 1988) into 50 ul Escherichia coli TG1 (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 19, (w/v) glucose (TYE-
AMP-GLU), in 243 mm x 243 mm dishes (Nunc). Colonies
were scraped off the plates into 10 ml of 2xTY broth
(Miller, 1972) containing 100 ug ampicillin/ml, 19,
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Oligonucleotide primers used for PCR of human immunoglobulin genes

Table 1

A. Ist strand ¢DN A synthesis

Human heavy chain constant region primers

HulgG1-4CHIFOR
HulgMFOR

5'-GIC CAC CTT GGT GIT GCT GGG CTIT-3°
5'-TGG AAG AGG CAC GIT CIT TTC TTT-3'

Human x constant region primer

HuGxFOR

5'-AGA CTC TCC CCT GIT GRA G&CT CTT-3'

Human 4 constant region primer

HuCAFOR
B. Primary PCRs
Human Vy back primers

HuVH1aBACK
HuVH2aBACK
HuVH3aBACK
HuVH4aBACK
HuVH5aBACK
HuVH6aBACK

5'-TGA AGA TTC TGT AGG GGC CAC TGT CTT-3'

5'-CAG GTG CAG CIG GIG CAG TCT GG-3'
5'-CAG GTC AAC TTA AGG GAG TCT GG-3'
5'-GAG GIG CAG CIG GIG GAG TCT GG-3'
5'-CAG GIG CAG CTG CAG GAG TCG GG-3'
5'-GAG GTG CAG CTG TTG CAG TCT GC-3!
5'-CAG GTA CAG CIG CAG CAG TCA GG-3'

Human Jy forward primers

HuJHI1-2FOR
HuJH3FOR
HuJH4-5FOR
HuJH6FOR

Human V, back primers

HuVklaBACK
HuVk2aBACK
HuVk3aBACK
HuVk4aBACK
HuVx5aBACK
HuVk6aBACK

5'-TGA GGA GAC GGT GAC CAG GGT GCC-3°
5'-TGA AGA GAC GGT GAC CAT TGT CCC-3°
S'-TGA GGA GAC GGT GAC CAG GGT TOC-3!
5'-TGA GGA GAC GGT GAC OGT GGT COC-3!

5'-GAC AIC CAG ATG ACC CAG TCT CC-3'
5'-GAT GIT GIG ATG ACT CAG TCT CC-3'
5'-GAA ATT GIG TTG AOG CAG TCT CC-3'
5'-GAC ATC GIG ATG ACC CAG TCT CC-3'
S'-GAR AOG ACA CIC ACG CAG TCT CC-3°
5'-GAA ATT GIG CTG ACT CAG TCT CC-3'

Human J, forward primers

HuJx1FOR
HuJx2FOR
HuJxk3FOR
Hudx4FOR
HuJx5FOR

Human 4 back primers

HullBACK
Hui2BACK
Hui3aBACK
Hul3bBACK
Hul4BACK
HuA5BACK
Hul6BACK

5'-ACG TIT GAT TTC CAC CTT GGT COC-3'
5'-ACG TTT GAT CTC CAG CTT GGT COC-3'
5'-ACG TTT GAT ATC CAC TTT GGT COC-3!
5'-ACG TTT GAT CTC CAC CTT GGT CCC-3'
5'-ACG TTT RAT CIC CAG TCG TGT CCC-3'

5'-CAG TCT GIG TIG ACG CAG OOG CC-3!
5'-CAG TCT GCC CIG ACT CAG CCT &C-3!
5'-TCC TAT GIG CIG ACT CAG CCA CC-3'
S'-TCT TCT GAG CIG ACT CAG GAC (C-3'
S5'-CAC GTIT ATA CIG ACT CRA COG CC-3!
5'~CAG GCT GIG CTC ACT CAG COG TC-3!
S5'-AAT TTT ATG CIG ACT CAG CCC CA-3!

Human 4 forward primers

HuJAlFOR
HuJA2-3FOR
HuJi4-5FOR

C. PC'R assembly

5'-ACC TAG GAC GGT GAC CTT GGT OCc-3'
5'-ACC TAG GAC GGT CAG CTT GGT OCC-3!
5'-ACC TRA AAC GGT GAG CIG GGT OCC-3'

Reverse Jy for scFv linker

RHuJH1-2
RHuJH3
RHuJH4-5
RHuJH6

5'-GCA CCC TGG TCA OCG TCT CCT CAG GIG G-3'
5'-GGA CAA TGG TCA CCG TCT CIT CAG GIG G-3'
5'-GAA COC TGG TCA CCG TCT CCT CAG GTG G-3°
5'-@GEA CCA OGG TCA OCG TCT CCT CAG GIG C-3!

Reverse V, for scFv linker

RHuVxlaBACKFv
RHuVk2aBACKFv
RHuVk3aBACKFv
RHuVk4aBACKFv
RHuVk5aBACKFv
RHuVk6aBACKFv

5'-GGA GAC TGG GIC ATC TGG ATG TCC GAT COG CC-3'
5'-GGA GAC TGA GIC ATC ACA ACA TCC GAT OCG CC-3'
5'-GGA GAC TGC GIC AAC ACA ATT TCC GAT OOG CC-3'
5'-GGA GAC TGG GIC ATC ACG ATG TCC GAT OOG CC-3'
5'-GGA GAC TGC GIG AGT GIC GTT TCC GAT CCG CC-3'
5'-GEA GAC TGA GIC AGC ACA ATT TCC GAT OCG CC-3'
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Table 1 (continued)

Reverse V, for scFv linker

RHuVABACKIFv
RHuViBACK2Fv
RHuVABACK3aFv
RHuVABACK3bFv
RHuVABACK4Fv
RHuVABACKS5Fv
RHuVABACK6Fv

D. Reamplification with primers containing restriction sites
Human Vjy; back primers

HuVH1aBACKSf
HuVH2aBACKSfi
HuVH3aBACKSfi
HuVH4aBACKSfi
HuVH5aBACKSfi
HuVH6aBACKSfi

Human J, forward primers

HuJk1 BACKNot
Hudx2BACKNot
HuJk3BACKNot
HuJxk4 BACKNot
HuJxk5BACKNot

Human J, forward primers

HuJAlFORNOT
HuJ A2-3FORNOT
HuJ A4-5FORNOT

5'-GGC GGC TGC GIC AAC ACA GAC TGC GAT OOG CCA CCG CCA GAG-3'
5'-GCA GGC TGA GIC AGA GCA GAC TGC GAT CCG CCA CCG CCA GAG-3'
5'-GGT GGC TGA GIC AGC ACA TAG GAC GAT OOG CCA OC0G CCA GAG-3'
5'-GGG TCC TGA GIC AGC TCA GAA GAC GAT COG CCA CCG CCA GAG-3'
5'-GEC GGT TGA GIC AGT ATA ACG TGC GAT CCG CCA CCG CCA GAG-3!
5'-GAC G3C TGA GIC AGC ACA GAC TGC GAT OCG CCA OCG CCA GAG-3'
5'-TGG GGC TGA GIC AGC ATA AAA TTIC GAT OOG CCA CCG CCA GAG-3'

5'-GIC CIC GCA ACT GOG GCC CAG OCG GCC ATG GOC CAG GIG CAG CIG GIG CAG TCT GG-3'
5'-GIC CTC GCA ACT GOG GCC CAG 00G GCC ATG GOC CAG GIC AAC TTA AGG GAG TCT GG-3'
5'-GIC CTC GCA ACT GOG GCC CAG O0G GCC ATG GCC GAG GIG CAG CIG GIG GAG TCT GG-3'
5'-GIC CTC GCA ACT GOG GCC CAG (06 GOC ATG GOC CAG GIG CAG CIG CAG GAG T(G GG-3'
5'-GIC CTC GCA ACT GOG GOC CAG OCG GCC ATG GOC CAG GIG CAG CTG TTIG CAG TCT GC-3'
5'-GIC CTC GCA ACT GOG GCC CAG (0G GCC ATG GOC CAG GTA CAG CIG CAG CAG TCA GG-3'

5'-GAG TCA TTC TCG ACT TGC GGC CGC ACG TTT GAT TTC CAC CTT GGT CCC-3°'
5'-GAG TCA TTC TCG ACT TGC GGC CGC ACG TTT GAT CIC CAG CIT GGT OCC-3!
5'-GAG TCA TTC TCG ACT TGC GEC CGC ACG TIT GAT ATC CAC TTT GGT CCC-3°
5'-GAG TCA TTC TCG ACT TGC G3C CGC AOG TTT GAT CIC CAC CTT GGT CCC-3'
5'-GAG TCA TTC TCG ACT TGC GGC CGC ACG TTT AAT CTC CAG TCG TGT COC-3'

5'-GAG TCA TTC TCG ACT TGC GGC CGC ACC TAG GAC GGT GAC CTT GGT CCC-3!
5'-GAG TCA TTC TCG ACT TGC GGC CGC ACC TAG GAC GGT CAG CTT GGT CCC-3'
5'-GAG TCA TTC TCOG ACT TGC GEC OGC ACY TAA AAC GGT GAG CTG GGT CCC-3!

glucose (2xTY-AMP-GLU) and 159, (v/v) glycerol for
storage at —70°C as a library stock.

(e) Rescue of phagemid libraries

To rescue phagemid particles from the library, 100 ml
of 2xTY-AMP-GLU was inoculated with 10° bacteria
taken from the library stock (approx. 10 pl) and grown
for 1-5 h, shaking at 37°C. Cells were spun down (IEC-
Centra 8, 4000 revs/min for 15 min) and resuspended in
100 ml of prewarmed (37°C) 2xTY broth containing
100 ug ampicillin/ml (2xTY-AMP), 2x10'° plaque-
forming units of VCS-M13 (Stratagene) particles were
added and the mixture incubated 30 min at 37°C without
shaking. The mixture was then added to 900 ml of 2x TY
broth containing 100 pg ampicillin/ml and 25 ug kana-
mycin/ml (2xTY-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 10'® transducing
units/m! (ampicillin-resistant clones).

(f) Selection of phOx:BSA binders using tubes

For selection, 75 mm x 12 mm immuno tube (Nunc;
Maxisorp) was coated with 4 ml of phOx:BSA (1 mg/ml;
14 phOx per BSA: Mikeld ef 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 29, MPBS
for blocking. The wash was repeated and phagemid
particles (10'3 t.u.) in 4 ml of 29, 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, 0-19% (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 05 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 TG1 cells in 15 ml of 2xTY
broth, and plated on TYE-AMP-GLU plates as described
above, yielding on average 107 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 affinity 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 1ml of TEL (3 mg/ml;: Sigma) in
50 mM-sodium hydrogen carbonate (pH 9-6), washed 3
times with 2 ml of PBS, and blocked with 2 ml of 29,
MPBS at room temperature for 2 h. Approximately
10'? t.u. phage in 1 ml of 29, 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, 0:029;, Tween 20; 50 mM-
Tris-HCl (pH 7-5), 500 mmM-NaCl; 50 mwm-Tris- HCI
(pH 85), 500 mM-NaCl; 50 mm-Tris- HC1 (pH 9-5),
500 mM-NaCl and finally 50 mm-sodium hydrogen carbo-
nate (pH 9-6). Bound phage particles were then eluted by
adding 1 ml of 100 mM-triethylamine and rocking for
5 min before neutralizing with 0-5 ml of 1 m-Tris- HCI
(pH 74). Eluted phage was used to infect logarithmic
growing E. coli TG1 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 et al., 1989) were
washed extensively with PBS, blocked with 5 ml of
29 MPBS, and 10*3 t.u. phage in 1 ml of 29, MPBS
loaded. Columuns were washed with 50 ml of PBS; 10 ml
of PBS, 0029 Tween 20: 5 ml of 50 mm-Tris- HCl
(pH 7-5), 500 mm-NaCl; 5 mi of 50 mm-Tris- HC] (pH 85),
500 mM-NaCl; 5 ml  of 50 mm-Tris-HCl  (pH 95)
500 mm-NaCl and finally 5 ml of 50 mm-sodium hydrogen
carbonate (pH 9:6), 500 mm-NaCl. Bound phage were
eluted using 1-5 ml of 100 mM-triethylamine and neutral-
ized with 05 ml 1 m-Tris- HC1 (pH 7-4). Eluted phage
were used to infect logarithmically growing E. coli TG1 as
described above.

For selection of lysozyme binders by either method, the
rescue—selection—plating cycle was repeated 4 times, after
which phagemid clones were analysed for binding by
ELISA.

(h) Rescue of phage or soluble scFv from
individual phagemid clones for binding ELISA

To rescue phage. single ampicillin-resistant colonies,
resulting from infection of K. coli TG1 with eluted phage.
were inoculated into 150 ul of 2 x TY-AMP-GLU broth
in 96-well plates (Cell wells: Corning) and grown with
shaking (250 revs/min) overnight at 37°C. A 96-well plate
replicator was used to inoculate approximately 4 ul of the
overnight cultures on the master plate into 200 pl fresh
2xTY-AMP-GLU. After 1 h. 50 gl of 2xTY-AMP-GLU
broth containing 108 p.f.u. of VCS-M13 was added to each
well. and the plate incubated at 37°C for 45 min without
agitation. The plate was then shaken at 37°C for 1 h after
which time glucose was removed by spinning down the
cells (IEC-Centra 8, 4000 revs/min for 15 min). and aspir-
ating the supernatant with a drawn-out glass Pasteur
pipete. Cells were resuspended in 200 ul 2xTY-AMP-
KAN broth and grown for 20 h. shaking at 37°C.
Supernatant containing phage was tested for binding by
ELISA.

To produce soluble scFvs, single ampicillin-resistant
colonies of infected E. coli HB2151, a non-suppressor
strain (Carter et al.. 1985). were inoculated into 150 ul of
2xTY broth containing 100 gg ampicillin/ml and 0-19;
glucose in 96-well plates and grown with shaking at 37°("
until an Aggg pm of 09 was reached. Expression of soluble
scFv was induced by the addition of isopropy! f-b-thio-
galactopyranoside to a final concentration of 1 mm
(DeBellis & Schwartz, 1990) and the cultures grown over-
night at 30°C. Supernatant containing soluble seFv was
taken for analysis by ELISA.

(i) BLISA

Analysis of phage for binding to phOx:BSA, BSA or
lysozyme by ELISA was performed on bacterial super-
natants containing phage essentially as described by
Clackson et al. (1991), with 100 ug phOx:BSA or BSA/ml,
or 3mg 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
I mg/ml (hen egg ovalbumin, hen egg lysozyme. chymo-
trypsinogen A, cytochrome ¢, bovine thyroglobin, glycer-
aldehyde-3-phosphate dehydrogenase, chicken egg white
trypsin inhibitor (Sigma). keyhole limpet haemocyanin
(CalBiochem)). Binding of soluble scFvs to antigen was
detected with the mouse monoclonal antibody 9E10
(I pug/ml). which recognizes the C-terminal peptide tag

(Munro & Pelham, 1986). and peroxidase-conjugated anti-
mouse Fe¢ antibody (Sigma). as described (Ward et al..
1989).

(j) DN A fingerprinting of clones

The diversity of the original and selected libraries was
determined by PCR screening ((iissow & Clackson, 1989).
Recombinant clones were screened before and after selec-
tion by amplifying the scFv insert using primers LMB3
(5-CAGGAAACAGCTATGAC, which sits upstream from
the pelB leader sequence) and fd-SEQ1 (5-GAATTTTCT-
GTATGAGG. which sits in the 5 end of gene 3) followed
by digestion with the frequent-cutting enzyme BstN1. The
heavy and light chain variable regions from at least 2
clones of each restriction pattern were sequenced using a
Sequenase kit (U'SB) by the dideoxy chain termination
method (Sanger ef al.. 1977). The nucleic acid sequences of
the V-regions were compared with a database of germline
V-genes to determine the family of origin and extent of
somatic mutation.

(k) Frequency of lambda and kappa light chains
in the unselected [gM library

The frequency of lambda and kappa light chains in the
unselected IgM library was determined by probing
replica-plated colonies with either an equimolar mixture
of the V, PCR primers (Table 1) or an equimolar mixture
of family-specific V, framework 1 probes (Marks et al..
1991). One hundred individual colonies from the unse-
lected TgM library were replica-plated on 2xTY-AMP-
GLU plates and lifted onto nylon membranes (Hybond-N.
045 pm). The membranes were treated as described
(Buluwela et al.. 1989) and then ultraviolet crosslinked for
5 min (Stratalinker: Stratagene). Membranes were prehy-
bridized for 20 min at 42°C' in hybridization solution
(09 m-Na(l. 0:09 w-Tris (pH 7-5). 6 mm-EDTA (pH 7-4).
1 my-sodium pyrophosphate. 0-5%, (v/v) NP40, 0-6 mg/
rATP., 20 mg/l yveast RNA. 20 mg/l Ficoll 400, 20 mg/l
polvvinylpyrrolidone and 20 mg/l BSA) and then hybrid-
ized for 2h at 42°C with 10 pmol of (p-32P)-labelled
oligonucleotide probe. Membranes were washed once at
42°CC for 10 min  in 6xSSC (900 mm-Na(l.
90 my-trisodium citrate. pH 7-0). 0-19, (w/v) 8DS, 0-1¢,
(w/v) sodium pyrophosphate, once for 15 min at 55°C in
3 M-tetramethylammonium chloride, 50 mm-Trix
(pH 80). 0-1% SDS, 2 mm-EDTA and exposed for 2 h on
Fuji RX film.

() Purification of scFvs and affinity determination

The phOx binding scFv clone 15 (aphOx15) and the
TEL binding scFv clone 9 (2TEL9). which gave the stron-
gest ELISA signals, were chosen for affinity determina-
tion. Colonies of E. coli HB2151. a non-suppressor strain.
harbouring the appropriate phagemid were used to inocu-
late 101 of 2xTY containing 100 gg ampicillin/m] and
0-19, glucose. The cultures were grown to an Agyg 4 Of
0-9 and expression of soluble scFv induced by the addition
of IPTG to a final concentration of 1 mm (DeBellis &
Schwartz, 1990). Supernatant was concentrated 8-fold by
ultrafiltration (Filtron: Flowgen) and 200 mi loaded onto
a 5 ml column of Protein A-Sepharose crosslinked by
dimethylpimelidate (Harlow & Lane. 1988) to the mono-
clonal antibody 9E10 that recognizes the C(-terminal
peptide tag (Clackson ef al., 1991: Munro & Pelham,
1986). The column was washed with 100 m! of PBS; 10 ml
of PBS. 0-5 m-NaCl: 10 ml of 0-2 m-glyecine (pH 6-:0): and
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10 mi of 0-2 m-glycine (pH 5-0). The scFv fragment was
eluted with 10 ml of 0-2 M-glycine (pH 3:0), neutralized
with Tris base and dialysed into PBSE (PBS buffer
containing 02 mM-EDTA). Supernatant from a separate
induction of the aTELY scFv was purified on lysozyme-
Sepharose (Ward ef 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 mi) 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 aphOx15, fluores-
cence quench titration was performed essentially as
described by Foote & Milstein (1991). A regime of hapten
excess was used: the antibody concentration (100 nM) was
at most equal to the lowest concentration of hapten.
Negligible volumes of the hapten 4-y-amino-butyric acid
methylene 2-phenyl-oxazol-5-one (phOx-GABA) were
added to aphOx15 protein to cover a concentration range
of 0-2 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 «TEL9 (Eisen, 1964; J. Foote & G.
Winter. unpublished results). «TEL9 protein at 200 mm
was titrated to 2-fold 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 aphOx15 to account for the
fluorescence contributed by the added TEL. To obtain the
equilibrium constant, fluorescence data. averaged from
the 6 corrected titrations of «TEL9, 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 ug and

Viy

1 ug) of TEL were subjected to SDS/PAGE (Laemmli,
1970) and protein transferred by electroblotting to
Immobilon-P (Millipore). The blot was blocked with PBS,
39, BSA for 20 min and then incubated with «TEL9
(1 pg/mi) in PBS, 39, BSA for 1'5 h. Binding of «TEL9 to
lysozyme was detected with 9E10 (1 ug/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 Vi, V, and V,
cDNA were obtained after amplification of first
strand ¢cDNA made from RNA primed with the
appropriate constant region primer (Table 1). No
bands were obtained in the absence of a primer in
the first strand ¢DNA reaction, indicating 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
Vyand V,, or Vg 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 29x107 Vy,-V, scFv clones (IgM
library) and 16x10® VgV, 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 (569%,) for lambda and 36 (449,) for kappa).
Analysis of 48 clones from each unselected library
(IgM and IgG) indicated that greater than 909, of
the clones carried an insert, and the libraries
appeared to be extremely diverse as judged by the
BstNT restriction pattern (Fig. 3(a)).

(b) Isolation and characterization of binders

Phagemid particies 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 10® clones

> RNA

PCR PCR

Assembly

Vi

10® B-lymphocytes V-gene

reper toires

Clone
2:9 x 107 clones

scFv-gene
repertoires

scFv phage library

Figure 2. The origin of V-genes in the phage libraries. RNA made from 10® B-lymphocytes was primed with constant
region-specific primers (for IgM, IgG, Ck and C4) and 1st strand ¢DNA synthesized. Portions of 1st strand ¢cDNA were
used to amplify Vy, and Vy, genes, and V, and V, genes. The V-genes were assembled together in separate PCR assembly

reactions to generate 4 distinct scFv repertoires: Vy,-V,. Vy,-V,, Vy
were combined and cloned to generate a Vy, scFv library of 29 x 10

-V, and Vy,-V,. The Vy,-V, and Vy,-V, repertoires
clones. Likewise the Vi, -V, and Vy,-V, repertoires

)

were combined and cloned to generate a Vy, scFv library of 16 x 10® clones.



588 J. D. Marks et al.

14 212223 M

Figure 3. BstN1 fingerprinting of scFv clones. The scFv insert was amplified from individual colonies, the product
digested with BstN1 and analysed on an agarose gel. M, $X174 DNA Huelll-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
rescue—selection—infection were performed. Clones
binding TEL, BSA and phOx were identified after
four rounds of selection of the IgM library (Table 2).
In contrast only clones binding TEL were identified
after four rounds of selection of the IgG library

(Table 2). Unselected clones and clones isolated
after one and two rounds of selection showed no
binding. Comparison of the frequency of binders to
TEL and BSA obtained after three and four rounds
of selection indicates up to 50-fold enrichment in the
fourth round of selection. Thus, these binders must

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

Rounds of selection

2 3 4

0 I

Al IgM library

Human anti-TEL: panning 0/864 0/192 0,192 3192 94/192
Human anti-TEL: columns 19/96
Human anti-BSA: panning 0/192 0/192 07192 2/192 43/96
Human anti-phOx: panning 0/192 0/192 0/192 0/192 1/96
B. fgG library

Human anti-TEL: panning 096
Human anti-TEL: columns 6/96
Human anti-BSA: panning 0/96
Human anti-phOx: panning 0/96

Panning, antigen coated on Petri dish; columns, antigen covalently linked to Sepharose column; IgM library, single chain Fv library
(scFv) with Vy genes derived from IgM mRNA; IgG library, scFv genes with Vy genes derived from IgG mRNA.
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Figure 4. Specificity of soluble single chain Fvs (scFvs). Binding was determined by ELISA to a variety of proteins.
o«TEL9, «TEL13 and «TEL14 = 3 anti-turkey lysozyme scFvs; aphOx15 = anti-2-phenyloxazole-5-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 A, hen-egg ovalbumin,
cytochrome ¢, hen egg lysozyme, hen egg trypsin inhibitor, glyceraldehyde-3-phosphate dehydrogenase, and plastic.

plastic.

have been present in the original library at a
frequency of 1 per 6:25 x 10° clones (1/50*) 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
(«TEL9, «TEL13, «TEL14 and «TEL16), one BSA
binder («BSA3) and one phOx binder (aphOx15)
(Table 3). The Vys were derived from four different
Vy families and five different Vy 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 «BSA3 were unmutated compared to
germline (Tables 4 and 5). Similarly, the V-genes of
ophOx15 were minimally mutated from germline (4
differences with VH380-6 (Berman et al., 1988) and
six with IGLV3S1 (Frippiat et al., 1990)). Two other
antibodies (¢TEL13 and aTEL16) had heavy chains
that are more extensively mutated (11 and 18
changes from VH251 (Sanz et al., 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 (¢TEL16) was highly related to one of
the IgM TEL binders (x*TEL13), and with a greater
degree of somatic mutation.

(c) Specificity 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 aphOx15, aBSA3, «TEL9,
oTEL13 and aTEL14 were highly specific in an
ELISA to test cross-reactivity (Fig. 4). The «TEL16
scFv, isolated from the IgG library, could not be
detected in ELISA as a soluble fragment, probably
due to its low affinity.

Figure 5. Purification of scFvs protein from a bacterial
supernatant. M, molecular weight markers (x107%).
Lane 2, unpurified bacterial supernatant; lane 3, « TEL9
scFv protein purified on a lysozyme-Sepharose column;
lane 4, «TELY scFv protein purified on column of anti-
body 9E10 directed against the c-myc tag; lane 5,
aphOx15 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

Vy

Vi

Differences from

Differences from

Clone Family Germline gene germline Family Germline gene germline
aBSA3 Vhs VH1-9111 0 Vs IGLV3S1 0
aphOx15 Vi VH380-6 4 Vit JMVA1A 7
oTEL9Y Via U514A (U514G) <22 Vo HK137 <20
o«TEL14 Vi U4-H <19 Vis IGLV3S] <10
aTEL13 Vius VH251 11 Via JMViZF <31
o«TEL16 Vs VH251 18 Vi JMVi2F <38

%BSA3, bovine serum albumin binder; aphOx15, 2-phenyl-oxazol-5-one binder; «TEL9, «TEL13, «TEL14 and «TELI16, turkey egg

lysozyme binders. References for germline genes: see Table 4.

(d) Protein purification and binding affinity

Soluble scFv «TELY was purified in one step on a
TEL-Sepharose column or vie its c-myc peptide tag
on a 9E10 antibody column (Fig. 5). Soluble scFv
aphOx15 was purified in one step on a 9E10 column
(Fig. 5). Typical yields were 2 mg/l after purifica-
tion on 9E10 and 5 to 10 mg/l after purification on
an antigen column. The dissociation constant of the
o«TEL9 scFv was 86(+61) nm and the dissociation
constant of the aphOx15 scFv was 534(+72) nm.
The high standard error observed for the dissocia-
tion constant of «TEL9 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 «TEL9 scFv
could be used to detect lysozyme (1 ug) 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 A phage

random combinatorial library failed (Persson et al.,
1991). The library (10° members) was constructed
from IgG mRNA using only PCR primers for Vy,,
Vuss Vi and V.3 gene families and was screened
for antigen binding wusing nitrocellulose Afilters.
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
probability (p|K}) that an individual antibody
recognizes a random epitope with an affinity above
a threshold value ([K]) and on the number of
different antibodies (N) according to the equation
p = e VPK] (Perelson, 1989).

We attempted to maximize the size of the library
by using a pUC-based phagemid (Hoogenboom et
al., 1991) that has higher transformation efficiencies
than fd vectors. Indeed our library sizes (107 to 10°
members) were at least an order of magnitude
greater than with phage fd (Clackson et al.. 1991).
We also attempted to maximize diversity by using
primers optimized for each V-gene family. as well as
utilizing IgG and IgM mRNA and both k and 4 light
chains. The Vy genes of the binders belong to four
different families (Vi families 1, 3, 4 and 5), as do
the light chain genes (V; families 1. 2 and 3, and V,
family 1). Furthermore, most (5/6) of the binders
were derived from the IgM mRNA, perhaps
reflecting the greater diversity of Vy genes. Indeed
the only binder from the IgG mRNA («TEL16) had
the poorest binding affinity andjor decreased
expression and was barely detectable by ELISA.

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 & Smith, 1990) and
phagemid (Hoogenboom et al., 1991; Bass ef al..
1990) vectors have been used to display peptide or
protein fusions with g3p. The phage vectors allow
three copies of the g3p fusion protein on each phage
particle (Glaser-Wuttke ef al.. 1989), whereas the
g3p fusion protein encoded by phagemid vectors has
to compete with the g3p of the helper phage for
incorporation into the phagemid particle. Although
phage vectors should permit isolation of a greater



Human Antibodies from Phage Display Libraries 595

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 1000-fold per
round for phage vectors (Clackson ef 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 «TEL9 may have arisen
from a cross-over during PCR amplification between
rearranged Vy-genes from two highly related
germline genes U514A and U514G  (Table 4).
Surprisingly, most of the binders (5/6) utilized V;
rather than V, genes despite their equal represen-
tation in the unselected library. However, human
hybridomas prepared by EBV immortalization
often secrete IgM and 4 chains (Thompson et al.,
1991), and during maturation of the immune
response, the repertoire may shift from IgM, 4 anti-
bodies to IgG, x (Thompson et al., 1991; J. Bye, N.
Hughes-Jones, J. D. 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
oTEL9, prepared in this way, as determined by
fluorescence quench (K, =2x10° m ! and 107 M *,
respectively), appear similar to those of human IgM
antibodies derived from PBLs after immunization.
For example the affinities of human IgM antibodies
directed against rhesus D antigen, and made by
EBV immortalization of PBLs from immunized
donors lie in the range of 107 m~! (Hughes-Jones &
sorick, 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 «TEL9 fragment could even
be used in Western blotting but the sensitivity (1 ug
TEL) was poor.

Although we can make human antibodies with
reasonable affinity and specificity, a yet more
diverse and large library should enable the isolation
of even higher-affinity antibodies (Perelson, 1989).
For example, the rearranged Vy 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 mutating 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 (Liao
& Wise, 1990), spiked oligonucleotides (Hermes et
al., 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 10*-fold with respect to low-
affinity phage (10° m~!) using only two rounds of
selection (Clackson et al., 1991). By using several
rounds of selection and adjusting the coating
density of the 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
hyperimmunized 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.

We thank R. Pannell for 9E10 antibody, M. Hobart for
the sheep anti-M13 antibody, and W. Ouwehand and
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Foundation, Leuven, and the European Molecular
Biology Organization, and A.D.G. by the Cancer
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Research Council studentship.
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