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Clinical applications of phage-derived skFvs
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Single chain Fv antibodies (sFvs) have been produced from
filamentous bacteriophage libraries obtai ned fromimmunised
mice. MFE-23, the most characterised of these sFvs, isre-
active with carcinoembryonic antigen (CEA), a glycopro-
tein that is highly expressed in colorectal adenocarcinomas.
MFE-23 has been expressed in bacteria and purified in our
laboratory for two clinical trials, a gamma camera imaging
trial using 1231-MFE-23 and a radioimmunoguided surgery
trial using 12°1-MFE-23, where tumour deposits are detected
by a hand-held probe during surgery. Both these trials show
MFE-23 is safe and effective in localising tumour depositsin
patients with cancer. We are now developing fusion proteins
which use MFE-23 to deliver a therapeutic moiety; MFE-
23::CPG2 targets the enzyme carboxypeptidase G2 (CPG2)
for use in the ADEPT (antibody directed enzyme prodrug
therapy) system and MFE::TNFa aims to reduce sequestra-
tion and increase tumor concentrations of systemically ad-
ministered TNFa.

Keywords: Antibody targeting, cancer, ADEPT, CEA, sFv,
fusion protein
1. Introduction

Antibodiesare highly specific recognition molecules
which are increasingly being applied to target therapy

*Correspondence to: Dr K.A. Chester, CRC Targeting & Imaging
Group, Department of Oncology, Roya Free & University College
Medica School, UCL, Royal Free Campus, Rowland Hill Street,
London NW3 2PF, UK. Tel.: +44 20 7794 5492; Fax: +44 20 7794
3341; E-mail: kac@rfhsm.ac.uk.

Disease Markers 16 (2000) 53-62
ISSN 0278-0240 / $8.00 [J 2000, 10S Press. All rights reserved

in patients [1]. Single chain Fv antibody fragments
(sFv), consisting of the variable heavy (VH) and vari-
able light (VL) chain regions tethered by a flexible
linker, are small fragments of antibody that retain full
antigen binding capacity (Fig. 1). Since sFv are ex-
pressed as a single molecule they make idea target-
ing unitsfor fusion proteins with therapeutic aswell as
disease-localising properties. Moreover, recombinant
sFvs can be displayedin functional form on the surface
of filamentous phage, and this technology may be used
to generate and select for antibodies with desired char-
acteristics [2]. The phage approach is much more ef-
ficient than the screening approach used in hybridoma
technology; whilst hybridoma screening allows inves-
tigation of 102 to 103 clones, phage technology se-
lects antibodies with desired characteristics from 1019
or moreclones. Pragmatically, the phage selection pro-
cess is also advantageous as it favors stable antibodies
which give high yields when expressed in bacteria and
whose genes are already cloned.

2. Using phagetechnology to createa clinically
useful sFv

Phage technology was used to produce MFE-23 [3]
an sFv antibody with high affinity for carcinoembry-
onic antigen (CEA / CD66€). CEA is atumour selec-
tive marker whichishighly expressed on most gastroin-
testinal carcinomasand onanumber of breast, lung and
ovarian carcinomas. Monoclonal antibodies to CEA,
and their chemically modified derivatives, have been
used successfully in our laboratoriesto target colorec-
tal tumours [4]. Our understanding of the parameters
important for targeting this antigen forms the platform
for current work with recombinant sFvs. MFE-23 anti-
CEA isthe most characterised of these sFvs and isthe
first SFv to bereported for useinclinical trials[5]. Here
we use MFE-23 to illustrate the clinical applications of
phage-derived sFvs and sFv fusion proteins.
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Fig. 1. Diagrammatic representation of the variable (V) and constant (C) regions of an 1gG molecule which hasamolecular mass of approximately
150 kDa. The variable heavy (VH) and variable light (VL) regions together form the antigen binding site. A single chain Fv (sFv) molecule
consists of the VH and VL regions tethered with aflexible linker, its molecular massis approximately 27 kDa. The sFv generally hasfull antigen

binding characteristics except it is monovalent whereas the native 1gG is divalant.

M FE-23 waschosen from an anti-CEA sFv phagemid
library constructed from antibody variable-region
genes extracted from CEA-immunised mice [3].
The library contained 1.3 x 107 independent clones
and was constructed by the two fragment assembly
method [6] in pHEN phagemid [7] using murine V-
region primers[8] to rescuethe antibody genes(Fig. 2).
MFE-23 was selected from this library by reacting the
phagewith low concentrationsof biotinylated CEA fol-
lowed by capture of the CEA binders on streptavidin-
coated magnetic beads[3]. These conditionswere pre-
dicted to favour selection of high affinity sFv [9] and,
consistent with this, MFE-23 was shown to have high
affinity for CEA after purification in soluble form (kD
= 2.4nM).

3. Clinical trialswith MFE-23

Clinical grade MFE-23 was purified from bacterial
supernatant by immobilised metal affinity chromatog-
raphy (IMAC) and size exclusion. IMAC exploits the
ability of histidines to bind metal ions so MFE-23 was
first engineered to include a c-terminal hexahistidine
tag to alow binding to chelated copper [10]. Pro-
duction was according to Cancer Research Campaign

Guidelinesfor the preparation of productsderived from
recombinant DNA technology for phase | trials [11].
The expression plasmid was pUC 119 and the bacteria
host Escherichia coli TG1 cells. Details of the pro-
duction procedure, including SOPs (standard operating
procedures) have been published elsewhere [12] and
can beusedtoillustrate practice of the Cancer Research
Campaign Guidelines[11].

Thefirst clinical trial aimed totest saf ety and efficacy
of radiolabelled MFE-23 for imaging CEA-expressing
tumours. Ten patients received '23|-MFE-23 prior
to single photon emission computerised tomography
(SPECT) imaging [5]. The median half lives of the «
and 3 phases of clearance from blood were 0.42 hours
and 5.32 hoursrespectively. Theantibody was stablein
plasma and most of the antibody cleared from the cir-
culation within 1 hour. MFE-23 localised in all known
tumour deposits as illustrated in Fig. 3 which shows
examples of gamma camera SPECT images obtained
in patients with and without liver metastasis. The me-
dian peak tumour uptake of 2.4% of the injected ra-
dioactivity kg~! occurring 1 hour after injection was
unexpectedly highin view of therapid fractional blood
clearance of MFE-23, but is consistent with good tu-
mour penetration and efficient antigen binding of the
sFv. The antibody injection was well tolerated by all
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Fig. 2. Stages in sFv phage library construction are shown. Splenic
lymphocytes are removed from an immunised mouse four days af-
ter the fina antigen boost. MRNA is extracted and VH and VL
cDNA independently produced using murine VH and VL primersin
antibody framework region 4 [8]. The VH and VL fragments are
subsequently amplified by PCR using murine V-region primers in
frameworks 1 and 4 [8] and tethered by a (Glys Ser)s linker into the
VH-VL sFv format using the two fragment assembly method [6].
To achieve cloning, the V-region primers were extended to create
flanking Sfil/Notl restriction sites suitable for insertion into pHEN
phagmid [7]. Cloned sFvs are displayed on the surface of phage as
functional antigen-binding proteins; each phage carries the gene for
an individual sFv, although it may express more than 1 copy of that
SFv on its surface.

patients, and there was no evidence of anti-MFE-23 an-
tibody formationin patientsafter 2 weeks. High kidney
uptake was found to be a shortcoming in thistrial.

A subsequent trial used '2°|- labeled MFE-23 for
radioimmunoguided surgery (RIGS) of colorectal can-
cer [13]. RIGS is based on the preoperative injection
of a radiolabelled antibody and intraoperative use of
a hand-held gamma detecting probe. The technique
has the advantage that the proximity of the probe ex-
ploits the inverse square law and therefore has the po-
tential to detect small tumour deposits. Thirty four pa-
tients suffering from primary or metastatic colorectal
or pancreatic cancer received 12°|-labeled MFE-23 at
24, 48, 72 and 96 hours prior to operation. Counts
of three standard deviations above normal tissue were
regarded as positive and results of probing were com-

With liver metastasis

Fig. 3. SPECT gamma camera images show localisation of
123|-MFE-23 to liver metastases in two patients with colorectal can-
cer (a) and (c). Corresponding X-ray CT images, which confirm
presence of metastasis, are shown in (b) and (d). Tumour deposits
areindicated by arrows. In (d), the tumour was only visible after in-
tra-arteria injection of contrast material (CT portography). For com-
parison 123|-MFE-23 distribution in a patient without liver metas-
tases is shown in (€) (SPECT) and (f) (CT). No localisation in liver
is detected.

pared with histology for validation. Laboratory gamma
counting acted as quality control and allowed calcula-
tion of the % injected dose/kg tissue, tumour to normal
tissue ratio and tumour to blood ratio. MFE-23 showed
good tumour localisation, comparison with histology
showed 82.4% true positive, 3.9% true negative and
13.7%fa se negativefindings. Therewerenofalse pos-
itive findings. A sensitivity of 100%, 62.5%, 95.7%
and 84.6% at 24, 48, 72 and 96 hours, respectively
wascalculated [13]. Sincetumour was removed during
surgery, RIGS offered the opportunity to study uptake
of 12MFE-23 in excised tissues and localisation to
tumour was confirmed in RIGS asillustrated in Fig. 4.

4. Multivalent molecules
Effectivetargeted therapy relies on efficient antibody

retention in tumour after clearance from normal tissue.
Using image registration techniques which allow cor-
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Fig. 4. Localisation of 12°1-MFE-23 in liver metastasis surgically
removed from a patient receiving RIGS. A photograph of the speci-
men isshown in (8) and the corresponding phosphor image, denoting
radioactivity, is shown in (b).

relation of radiolabelled antibody distribution with tu-
mour morphology [14] we haveinvestigated theimpor-
tance of valency with chemically modified anti-CEA
fragments [15]. We found that increasing the num-
ber of binding arms (avidity/valency) in an antibody
mol eculeincreased the amount of antibody and itsresi-
dencetimein viableareasof tumour asshownin Fig. 5.
This knowledge has formed our thinking about design
of multivalent recombinant antibody-based molecules
and led to the choi ce of divalent and trivalent molecules
for therapy because an increase in antibody concentra-
tionin viable comparedto necrotic areassignifiesadis-
tinct therapeutic advantage. We are thus investigating
the possibility of increasing the avidity of MFE-23 by
incorporation into high affinity dimers. This may be
achieved by either using Chelating Recombinant Anti-
bodies (CRAbs) which recognise and bind to adjacent,
non-overlapping epitopes [16] or by increasing avid-
ity using homodimers of MFE-23. To produce these
molecules, we designed a vector, illustrated in Fig. 6,
with the VH and VL domains of MFE-23in ‘reverse
orientation (VL-VH) downstream of restriction sites
for insertion of a second sFv in the origina VH-VL
orientation [17]. To test the integrity of the vector the
origina VH-VL MFE-23 was cloned into the designed
restriction sites to create ahomodimer of MFE-23. Ex-
pression in Escherichia coli produced a protein that

bound to CEA and gave an expected band at 57 kDa,
as seen in Fig. 6. The vector can be used to search
sFv libraries for a second anti-CEA sFv, which will
giveaCRAD effect when cloned alongsidethe reversed
MFE-23. Alternatively amorestructural approach may
be taken to building sFv multimers. Using the crystal
structure of MFE-23 [18] and the homology model of
CEA [19], combined with epitope mapping techniques
we have developed [20] it should be possible to map
where MFE-23 binds to CEA. This information can
be used to design CRAb candidates more selectively
and to tailor linkersthat will facilitate an avidity effect
when binding CEA.

Another approach to increasing avidity is to create
genetic fusion proteins of recombinant antibody frag-
ments and therapeutic moieties which form multimers
as described below.

5. Antibody directed enzyme prodrug therapy
(ADEPT)

ADEPT is atwo stage system for treatment of solid
tumours. First, intravenously administered antibody
delivers an enzyme selectively to a tumour deposit.
When there is high tumour to plasmarratios of enzyme
arelatively non-toxic prodrug is administered system-
ically. The prodrug is catalysed by the pre-localised
enzyme to produce a potent cytotoxic agent in the tu-
mour (Fig. 7). The active drug diffuses throughout the
tumour mass, killing cells expressing tumour antigen
and neighboring antigen-negative tumour cells (the by-
stander effect). Carboxypeptidase G2 (CPG2), a well
characterised, homo-dimeric, bacterial enzymewith no
mammalian equivalent [21-23] has been exploited to
cleave glutamic acid from a variety of prodrugsto re-
lease potent nitrogen mustards for ADEPT [24]. The
F(ab’), fragment of A5B7 (an anti-CEA monoclonal
antibody) conjugated to CPG2 has shown that CPG2
has great potential for ADEPT, in model systems [25,
26] and in the clinic [27,28]. However, a clearing an-
tibody was needed to obtain high tumour to normal
tissue ratios at early time points when the percentage
injected dose in tumour is at the highest. The system
also suffered from the complexity, expense and diffi-
culty of obtaining areproducibleproduct with chemical
conjugation of the components [29] and the F(ab’)2-
CPG2 conjugate was immunogenic. Since CPG2 natu-
rally forms a non-covalent dimer, it was proposed that
genetic fusion protein of MFE-23 antibody and CPG2
would give a dimeric molecule which would have po-
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Fig. 5. The amount of antibody in viable parts of the tumour relative to necrotic regions. Regions were delineated using image registration which
alows correlation of radiolabelled antibody distribution with tumour morphology [14]. Theincrease in avidity obtained with increasing valency
leads to higher functional affinity and better retention in viable parts. The group with zero avidity contained pooled data from non CEA-specific
whole IgG antibodies. The monovalent group contained pooled data from MFE-23 and A5B7 (monoclonal anti-CEA) Fab. The divalent group
contained pooled data from A5B7-1gG, A5B7-F(alf)2 and chemically crosslinked divalent A5B7 Fab fragments [15]. The trivalent molecule

was made from chemically crosslinked A5B7 Fab fragments [15].

tential to overcome these obstacles. Recombinant fu-
sion proteins can be reproducibly expressed and have
the potential to betailored to control pharmacokinetics
and overcome hurdles such as immunogenicity.

6. MFE-23::CPG2 fusion protein produced in
bacteria

MFE-23::CPG2 was constructed by fusing the gene
for MFE-23 to the gene for CPG2 as outlined in
Fig. 8. The fusion protein was expressed in Es-
cherichia coli and purified using CEA affinity chro-
matography [30]. Efficacy of MFE-23::CPG2 delivery
to tumours in vivo was assessed by measuring CPG2
catalytic activity in excised tissue after intravenousin-
jection of purified M FE-23::CPG2 into nude mice bear-
ing CEA-positive LS174T human colon adenocarci-
noma xenografts [31]. Recombinant MFE-23::CPG2
cleared rapidly from circulation and catalytic activity
in extracted tissues showed tumour to plasma ratios of
1.5:1(h),10:1(24h),19:1@48hyand12: 1
(72 h). MFE-23::CPG2 catalytic activity was not re-
tained in solid normal tissues resulting in excellent tu-
mour to tissue enzymeratios48 h after injection. These
were 371 : 1 (tumour to liver), 450 : 1 (tumour to
lung), 562 : 1 (tumour to kidney), 1,477 : 1 (tumour to
colon)and 1,618 : 1 (tumour to spleen). Thefavorable

tumour : normal tissue ratios occurred at early time
pointswhen there was still 21% (24 h) and 9.5% (48 h)
of the injected activity present/g tumour tissue. These
results show that MFE-23::CPG2 delivers satisfactory
guantities, with high tumour to normal tissue ratios, of
CPG2 activity after a single injection to mice bearing
human colorectal tumour xenografts. The supremacy
of the recombinant fusion proteinisillustrated wheniits
localisation is compared with that of achemical conju-
gate of CPG2 with the F(ab’), fragment of ASB7 anti-
CEA as shown in Fig. 9. Here we see over 10-fold
improvement in tumour:normal tissue ratios with the
fusion protein for al organs tested 24 hours after ad-
ministration. In addition, there was substantially more
enzyme delivered to the tumour by the fusion protein
than the chemical conjugate (3.2% v. 21% injected
activity/g tissue). The high tumour concentrations and
selectivetumour retention of active enzyme established
that this recombinant fusion protein has potentia to
giveimproved clinical efficiency for ADEPT.

7. MFE-23::CPG2 fusion protein produced in
yeast

Toachieveyieldsof MFE-23::CPG2 whichwould be
high enough to support a clinical trial, a yeast (Pichia
pastoris) expression system was used. Yields of MFE-
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Fig. 6. (a) A vector for expression of dimeric and chelating forms of MFE-23. The VH and VL domains of MFE-23 were reversed and fixed into
position downstream of restriction sites for insertion of either MFE-23 in the original VH-VL orientation or an sFv selected from an anti-CEA
phage library and a flexible linker to join them together. After insertion of the origindl MFE-23 into the vector the protein was expressed in
Escherichia coli and analysed by western blot using a polyclonal antibody to MFE-23. The MFE-MFE dimer gave an expected band at 57kD,

shown in (b).

23::CPG2 improved over 100-fold using this system
and the resulting material was glycosylated. Biodistri-
bution studies of enzyme activity in nude mice bearing
the LS174T xenograft, given intravenous injection of
MFE-23::CPG2fusion protein (1000 units/kg), showed
that glycosylated MFE-23::CPG2 cleared rapidly from
plasmawithin 4—6 hours after injection. Enzyme activ-
ity persisted in tumours, however, (1.3 +/—units/g at
6 h) resulting in tumour to plasmaratio of 250 : 1. This
allowed prodrug to be given as early as 4-6 hours after
fusion proteininjection, resultingin growth delay of the
LS174T xenograftswith minimal toxicity in mice[32].
Therefore, inadditionto thehigher yields obtained with
a yeast expression system, the rapid clearance from
normal tissues combined with selective enzyme activ-
ity retention in tumours gave the yeast-derived product
even better localisation characteristics than the bacte-
rial product.

8. Reduced immunogenicity

Immunogenicity has been a major problem in
ADEPT using CPG2 chemically conjugated to A5B7-
F(ab’),. Treatment has so far been limited to 2 to 3 cy-
cleswithin 2 weeks under cover of animmunosuppres-
sive agent, cyclosporin [33]. As part of our program
to identify and modify immunogenic sites on CPG2,
a phage library of sFv antibodies to CPG2 was con-
structed from CPG2 immunised mice in the manner
described for CEA in Fig. 2. Different sFvs reacting
withtheenzymewereidentified by ELISA using CPG2
covered plates. One of these sFvs, CM79, inhibited a
substantial part of the CPG2 binding by seraof patients
who had devel oped an immune response to CPG2 dur-
ing ADEPT. The discontinuous epitope on CPG2 that
was recoghised by CM 79 was identified [20] using sur-
face enhanced laser desorption ionisation affinity mass
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Fig. 7. The two stage process of ADEPT isiillustrated. In the first stage, antibody-enzyme conjugate is localised to antigen-bearing cancerous
cellsin thetumour and is allowed to clear from normal tissues. In the second stage, a non-toxic prodrug isadministered. The prodrug is converted
to active drug only in areas where the enzyme is localised. In the specific case of CPG2, which is a dimeric metalloenzyme, prodrug activation
is achieved by cleavage of C-terminal glutamic acid to yield a potent cytotoxic mustard drug. The active drug kills antigen-positive cells and
neighbouring antigen-negative cells, which overcomes problems of tumour heterogeneity and the difficulty of targeting to al cells in a tumour
mass.
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Fig. 8. The cartoon depicts stages in making an sFv-enzyme fusion protein for ADEPT. First, MFE-23, a CEA reactive sFv was selected from
a phage library using biotinylated CEA and streptavidin-coated magnetic beads [3]. Second, MFE-23 was cloned as a direct fusion with the
enzyme CPG2 and expressed in Escherichia coli [30]. CPG2 formsadimer in its natural state so the resultant fusion protein has potential avidity
with respect to CEA binding. MFE-23::CPG2 is an effective delivery molecule for ADEPT [31,32].

spectrometry (SELDI-AMS) as follows: a metal chip were subsequently desorbed from the chip and identi-
coated with CM79 was used to capture CPG2 and the fied by their mass. Two peptides were found to form
immune complex was subjected to selective proteoly- the epitope for CM79 and we were able to localise
sis. During this process, CPG2 peptides reacting with their position on the X-ray crystal derived model of
the CM 79 sFv are protected from proteolysis and these CPG2 [22] wherethey were found to be adjacent on the
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Fig. 9. Graph comparing performance (in separate experiments) of the recombinant fusion protein MFE-23::CPG2 with that of a chemical
conjugate of CPG2 with the F(al )2 fragment of A5B7 anti-CEA. Tumour localisation was tested in vivo, 24 hours later, using the LS174T human

colorectal xenograft model. 25U of enzyme activity were administered and enzyme levels in various excised organs measured by HPLC [31]. A

10 fold increase in tumour:normal tissue ratios is observed with the fusion protein for all organs tested.

surface of the enzyme. This epitope information was
used to produce a series of CPG2 mutants which were
tested for enzyme activity by a spectrophotometric as-
say and for CM 79 antibody binding by ELISA. One of
the CPG2 variants, where arginine 165 was replaced
with an alanine, retained enzyme activity and had com-
pletely lost CM 79 binding activity. The new variant of
CPG2 isthefirst to provethat immunogenicsites of this
clinically important enzyme can be removed without
losing significant enzyme activity. Modifying the prin-
ciple immunogenic sites on CPG2 may reduce overall
immunogenicity but also gives potential to have alter-
native versions of the enzyme which can be given to
patients who have an immune response to the original
CPG2.

MFE-23 has not proved immunogenic in patients to
date[5,13] but it istoo early to predict immunogenicity
of thissFv aspart of MFE-23::CPG2in ADEPT. Should
this prove troublesome, the relevant epitopes on MFE-
23 will be defined by SELDI as described above for
CPG2, and a humanisation strategy will be applied
based on the crystal structure of MFE-23 [18].

9. Selective delivery of tumour necrosis factor
alpha (TNF«)

A potentialy even more avidly binding fusion pro-
tein may be obtained when MFE-23islinked to TNF«,
amolecule which is trivalent in active form. Locore-
giona and intra-tumoural administration of TNF« has
been shown to cause inhibition or regression of tumour

growthin the clinic [34] but this potent anti-tumour ac-
tivity of TNFa has not yet been exploited as a systemic
agent in cancer therapy, mainly due to high levels of
toxicity to normal tissues before atherapeutic dose has
been achieved. We have constructed a genetic fusion
of human recombinant TNFa with MFE-23. MFE-
23::TNFa was expressed in bacterial inclusion bodies
and successfully isolated, refolded and purified with
afinal yield of 28 mg/L. The MFE::TNFa monomer
was shown to have an apparent molecular weight of
48 kDa by western blot under reducing conditions and
the native molecule showed an FPLC elution profile
consistent with trimer formation (144 kDa). The trimer
possesses the antigen binding activity of the sFv and
the cytotoxicity to WEHI 164 cells of rhTNFa. Radi-
olabelled MFE-23:: TNF« localised effectively in nude
(nu/nu) mice bearing human LS174T xenografts and
tumour : tissueratiosof 21:1 and 60:1 were achieved at
24 and 48 hours (respectively) after intravenous injec-
tion [35] These studies indicate that MFE-23::TNF«
will providean effectivemeansfor systemically admin-
istered cancer therapy with TNFa.

10. Conclusions

TheMFE-23 sFv hasbeen successfully used to target
CEA-expressing tumorsin patients. MFE-23 will now
be used as a targeting unit for multivalent fusion pro-
tein therapeutics with potential to selectively destroy
canceroustissue.
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