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Phage display of antibody fragments
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Phage antibodies: filamentous
phage displaying antibody
variable domains
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NEW ways of making antibodies have recently been demonsirated
using gese technology. Immunoglobulin variable (V) genes are
amplified from hybridomas or B cells using the polymerase chain
reaction, and cloned into expression wectors. Soluble antibody
fragments secreted from bacteria are then screened for binding
activities (see rel. 1 for review). Screening of V geoes would,
however, be revolutionlzed if they could be expressed on the sarface
of bacteriophage. Phage carrying V genes that encode binding
activitles could them be selected directly with amtigen. Here we
show that complete antibody ¥V domains can be displayed on the
surface of fd bacteriophage, that the phage bind specifically to
antigen and that rare phage (one in a million) can be isolated
after affinity chromatography.

The heavy (V) and light (VL) chain variable (V) domains
of the anti-lysozyme antibody D1.3 (ref. 2} associate tightly as
an Fv fragment and bind to antigen with a similar affinity 10
that of the parent antibedy’. To allow expression of both
domains on the same polypeptide, they were joined by a flexible
linker (Gly,-Ser)y (ref. 4), and the single-chain Fv fragment
{scFv) cloned into an fd phage vector ([dCAT1) at the N-
terminal region of the gene 111 protein (Fig. 1). The gene 111
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protein is normally expressed at the tip of fd phage (about four
copics per virion), is responsible for attachment of phage to the
bacterial F pilus®, and I'lubtm used to display peptide epitopes
at the surface ui‘:l'h,- phage®®. The antibody-gene 111 fusion was
detected in the recombinant phage (but not in parental l'dE'ﬁTl
phage) by western blotting'” of polyacrylamide- S-DSP.: , and
probing with antisera against the D1.3 Fv fragment” (data not
shownl].

Binding of phage to lysozyme was then analysed by enzyme-
linked immunosorbent assay (ELISA) (Fig. 2). The phage had
the same pattern of reactivity as the 1.3 antibody", and bound
to hen egg-white lysoryme, but not to turkey egg-white lysozyme,
human lysoryme or bovine serum albumin. The specificity of
the phage 15 panicularly illustrated by the lack of binding to
the turkey egg-white lysozyme, which dil!':rs from hen egg-white
lysazyme by only seven amino acids'’. The antigen-binding site
is therefore displayed on the surface of the phage and retains
antigen binding and specificity. We term phage that display
antibody variable domains as phage antibodies.

As phage expressing small peptide epitopes can be purnified
from mixtures of other phage using antisera or antibodies’*,
we attempted to purify phage antibody (D1.3) using antigen.
The phage antibody was mixed with the parental (dCATI phage
(Fig. 1 legend) and 10" phage passed over a column of
lysozyme-Sepharose. Colonies derived from the eluates were
analysed by probing with an oligonucleotide that detects only
the phage antibody (D1.3) (see Table 1 and Fig. 3). At least a
thousandfold enrichment of phage antibody (D1.3) was seen
with a single column pass, By growing the enriched phage and
passing it down the column again, ennichments of up to a
millionfold were seen.

Enrichment was also demonsiraied using purely immunologi-
cal criteria. For example, 10" phage (in a ratio 1 phage antibody
{D1.3) in 4% 10* fdCAT1 phage) was subjected to two rounds
of affinity selection, and then 26 colonies grown and the phage
assayed for lysozyme binding by ELISA. Five colonies yielded
phage with binding activitics, and these were shown to encode






1990: The nursery year

Single-step pnriﬁcatin of pnlyptides expressed in Escherichia coli as fusions with glutathione
S-transferase

(Affinity chromatography; expression vector; plasmid; Plasmodium falciparum; protease; recombinant DNA;
Schistosoma japonicum)
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Construction of scFv Library
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Growing up ...the spotty years
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Breaking even.
Cash deals, fee for service, technology validation



...seeking attention!

~ 2:How to find the antibody in 40 million

HE SEARCH for antibodies is pains-

taking, lengthy and prone to contami-
nation. Serum from the spleen of an in-
oculated mouse contains up to 100 million
antibody-producing cells, or lymphocytes,
Of these, only one may bind o the
required antigen, so localing that single
antibody is a formidable task.

With luck, laboratory technicians may
suceeed in cloning up to 10 000 candidate
antibody genes, though many are lost in

of the virus, and the antibody.

The antibody produced in this way—
from the so-called “phage-antibody™—
retained much of dts ability to bind to the
known antigen, in this casc a lysozyme.
The researchers proved this by flushing a
solution containing 400 million ordinary
phages for every phage-antibody through a
eolumn whose walls were lined with anri-
gen molecules. The only phage left in the
oolg.tmllli after the experiment were the ge-

the cloning process. Tech “immor-
talise™ the lymphocytes that produce the
antibodies using  Milstein's  hybridoma
technique, but as few as 1000
cells may be fused success-
fully from a given sample of
serum. They place each clone
in a separate dish where the
fused cells grow and secrete
Muid containing monoclonal
antibady unique to that clone.
The fluid is tested at intervals
to check whether it contains
antibedies that bind to the
antigen, It can take between
nine and 12 months to ana-
Iyse serum from a single
mouse and even then t
search may be in vain. The
enormity of the task is also a
major problem.

Al the beginning of 1990,
Dave Chiswell and John
MeCafferty, the first em-
ployees of Cambridge Anti-
body  Technology (a “starl
up” biotechnology company)
joined forces with Greg Win-
ter and his team at the MRC's
Laboratory  for Molecular
Biology 1o develop a new
technigue to screen out the
reguired antibodies with un-
precedented ease, speed and
precision.  Their lechnigue
15 based on a simple virus
that  infects  bacteria—a
bacteriophage (“phage”, for
short). The researchers modi-
fied o phage gene that usually
codes for a surface protein al
the tip of the virus, They then
added DNA that codes for a
known antibody maolecule,
Now the redesigned gene
manufactured &  “fusion
protein” containing both the
protein from  the  surface

y-engi d ones bearing the anti-
body-producing gene. So in theory the
technique could screen out an individual

Dave Chiswell: looking fo"r a needle in a haysiack?

Try a simple bavterial virus

antibody from a group of 40 million,

Chiswell, Winter and colleagues are now
preparing experiments that will explore the
potential of the lechnique for screenin
simultaneously the entire library of anti-
bodies produced by a single mouse. The
process is simple in theory and involves
firsily hailing up the lymphoeyte cells for
10 minutes. As little as a few micrograms
of DNA contains the complete “library” of
antibodies drawn from the mouse,

They could then apply a gene amplifi-
cation technique (PCR) to the antibodies in
bulk, then digest the material into a prepa-
ration of phage. The phage
have an artificial “pap” in the
DMA sequence of their modi-
fied surface protein gene.
“Each individual ¢ Liakes
up a distinct antibody gene,

100 million different antibody
genes in 100 million ditferent
phages,” explains Chiswell
The screening  process
itself is simple, When the
“library™ of phages is flushed
through a column lined with
the antigen against which the
mouse was inoculated, all the
viral  particles  will  pass
through except thase bound
to the antigen. These phage-
antibodies would carry the
required gene and produce the
required antibodies,
Suhsequent steps to char-
acterise, clone and sequence
the anlibody-producing penes
would 1ake a few weeks
rather than the months lypical
of existing  technology.
Rescarchers could also sereen
scrum  from  people  and
animals withoul inoculating
them in the hope that seme
antibodies might adhere to an
antigen. Another possibility
would be to construct syn-
thetic  sequences of amino
acids in the complementarity
determining regions of an
antibady to see if they Lind 1o
i a column of antigen when
spliced into the phage, “This
would be a completely novel
area. It allows you to get
away [rom using the mouse,”
suys Chiswell,

so you would end up with
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Safer anaesthesia
Exoskeletons in the cupboard
What makes faces familiar?



Who Is Dave
Chiswell?

—according to

Cambridge Evening
News




...blossoming Into Into
adulthood
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Post IPO Strategic alliance, sharing upside



Humira (a.k.a. “Eric”)

“Humira, the anti-inflammatory blockbuster produced by
Abbott Labs will be the worlds’top selling drug by 2 016"



Why did
CAT
succeed?

We didn't
run out of
money!



Why did CAT succeed?

Great technology!
— Patents

MRC Collaboration
Timing
— In 1990, one approved product, now almost 30

Antibodies are great drugs

— Second largest class of drugs (after vaccines)
» Most rapidly growing

— High success rate ( from human trial to approval)
* (25% for humanised versus 11% small molecules)

— Generic

— Well tolerated

— Can be improved further
— Long half life (2-3 weeks)



Why did CAT succeed?

o Quality of people

e Motivating and innovating
culture

— It comes from the top!

 Flexibility
— "No battle plan survives contact

with the enemy*

o Carl von Clausewitz, Prussian
military philosopher)



Moving on:High throughput antibody

generation
Create and prepare library
!
2 rounds selection - Zg ﬂ
On 400 antigens g 2 ’ B Bacterial @ Mammalian
|
Sub-clone population o
:
=

25% positive binders
9384 /38,000

'

77% unique sequences
7236/9384

Antigens

Schofield et al (2007) Genome Biology . 8 (11) R254

Antibodies to >300 antigens http://genomebiology.com/2007/8/11/R254
25 unigue binders/selection




The family
of human

SH2
domains

51% t

89%

0

66%

Pershad et al, PEDS 23 p279-288 (2010)
Dyson et al (in preparation)



Blocking receptor signalling with antibodies

Cell
membrane




Controlling Notch signalling with antibodies?
Notch receptors (N1-N4) and their ligands (Jagged 1,2, dll1, 3, 4) bind promiscuously

Figs from Gordon et al 2008 Journal of Cell Science 121 (19) 3109-3119



Targetting antibodies to Notchl

-Ligand binding domain

N

Figs from Gordon et al 2008 Journal of Cell Science 121 (19) 3109-3119



Targetting negative regulatory domain

(LNR= Lin12 Notch repeat)
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Controlling Notch signalling with antibodies?

¢ Firefly luciferase

12xCSL

—

Renilla luciferase

CMV



Luciferase activity [Firefly/Renilla]

Antibody mediated blocking of Notch signalling between
293-Notchl and 293-Jaggedl cells
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Growing up: Lessons

e Biotechnology iIs not just about science

* Business development  as important as
science

* Need to build relationships

« Entrepreneurship




Growing up:Lessons

Do your research!

— In science, AND career
/business

e Do it properly or not at all
— Might mean doing less

e Don’t be afraid to fall

—But fail quickly!
e motivation
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