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Human monomeric antibody fragments to TRAIL-R |
and TRAIL-R2 that display potent in vitro agonism
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TNF, tumor necrosis factor; DISC, death inducing signalling complex; Vi variable heavy; Vi, variable light; CDR,

complementarity determining region; IMAC, immobilised metal affinity chromatography; PBS, phosphate buffered saline

Apoptosis through the TRAIL receptor pathway can be induced via agonistic IgG to either TRAIL-RI or TRAIL-R2. Here
we describe the use of phage display to isolate a substantive panel of fully human anti-TRAIL receptor single chain Fv
fragments (scFvs); 234 and 269 different scFvs specific for TRAIL-RI and TRAIL-R2 respectively. In addition, 134 different
scFvs that were cross-reactive for both receptors were isolated. To facilitate screening of all 637 scFvs for potential ago-
nistic activity in vitro, a novel high-throughput surrogate apoptosis assay was developed. Ten TRAIL-RI| specific scFv and
6 TRAIL-R2 specific scFv were shown to inhibit growth of tumor cells in vitro in the absence of any cross-linking agents.
These scFv were all highly specific for either TRAIL-R| or TRAIL-R2, potently inhibited tumor cell proliferation, and were
antagonists of TRAIL binding. Moreover, further characterization of TRAIL-RI agonistic scFv demonstrated significant
anti-tumor activity when expressed and purified as a monomeric Fab fragment. Thus, scFv and Fab fragments, in addition
to whole IgG, can be agonistic and induce tumor cell death through specific binding to either TRAIL-RI or TRAIL-R2.
These potent agonistic scFv were all isolated directly from the starting phage antibody library and demonstrated signifi-
cant tumor cell killing properties without any requirement for affinity maturation. Some of these selected scFv have been
converted to IgG format and are being studied extensively in clinical trials to investigate their potential utility as human

monoclonal antibody therapeutics for the treatment of human cancer.

Introduction

TNF-related  apoptosis-inducing  ligand  (TRAIL/Apo2L/
TNEFSF10)" is a member of the TNF family that promotes apop-
tosis in a broad range of cancer cells, but not in most normal
cells.?? TRAIL exerts its apoptotic activity through binding
to two receptors, TRAIL-R1 (also known as TNFRSF10A or
DR4)* and TRAIL-R2 (also known as TNFRSF10B, DR5 or
TRICK2)>*# that engage the cells’ apoptotic machinery through
conserved cytoplasmic regions known as death domains. TRAIL
also binds to three other receptors, TRAIL-R3 (TNFRSF10C,
DcR1)” TRAIL-R4 (TNFRSF10D, DcR2)" and osteoprote-
gerin (TNFRSF10D, OPG)," but these lack functional death
domains and therefore do not transmit an apoptotic signal. It has
been suggested that these other TRAIL receptors act as decoy
receptors to regulate the activities of TRAIL in vivo, either by
directly competing for TRAIL binding or by forming complexes
with TRAIL-R1 and TRAIL-R2.71>13

TRAIL is a homotrimeric protein that triggers oligomeriza-
tion of TRAIL-R1 and/or TRAIL-R2, and subsequently the
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formation of a death-inducing signalling complex (DISC). This
consists of death receptors, adaptor proteins, and procaspase 8,
which lead to processing and activation of procaspase 8 by an
autocatalytic mechanism." In some cell types (type I), such as
SW480 (colon carcinoma) and H460 (human non small cell lung
carcinoma) cells, activation of caspase 8 is sufficient for subse-
quent activation of the effector caspase 3 to execute cellular apop-
tosis (extrinsic pathway). In other cell types (type II), for example
Jurkat (acute T cell leukaemia) and HCT116 (colon carcinoma)
cells, amplification through the mitochondrial pathway (intrinsic
pathway), which is initiated by cleavage of Bid by caspase 8, is
required for cellular apoptosis (reviewed in ref. 15).

Whilst the normal physiological role of TRAIL is not fully
understood, the ligand’s ability to trigger apoptosis in a variety
of transformed cell lines suggests that it may be a physiological
modulator of tumor cell apoptosis. Increasing evidence suggests
that TRAIL may be an important player in immune surveillance

against virally-infected cells and tumors,>"

and in particular
against haematological malignancies.?” Further studies have

demonstrated that TRAIL also participates in the homeostasis of
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the lymphoid compartment of the immune system by inducing
apoptosis in immune cells that have fulfilled their function.?"*
In line with a regulatory role in the homeostasis of the immune
system, several studies have demonstrated that TRAIL may also
function to attenuate autoimmune reactions.”%’

TRAIL-R1 and TRAIL-R2 are expressed at relatively high
levels in tumor tissue relative to the levels observed in normal
human tissues.?® This, combined with the ability of TRAIL
to induce apoptosis in a wide variety of cancer cell lines whilst
sparing normal cells, suggests that TRAIL may have therapeu-
tic utility in the treatment of human cancer. Evidence in vitro
and in vivo suggests that tumor cells are sensitive to treatment
by TRAIL, and that effects are enhanced by concomitant treat-

ment with chemotherapeutic agents.”¢

More recently, agonistic
murine and rabbit monoclonal antibodies have been developed
that selectively bind to either TRAIL-R1 or TRAIL-R2, and
mimic the tumor killing properties of TRAIL.?? Agonistic
monoclonal antibodies bring additional benefits over TRAIL
as therapeutic reagents because of their prolonged half life in
vivo and because their effects are not compromised by bind-
ing to TRAIL decoy receptors or potential escape mutants of
TRAIL-R1 or TRAIL-R2.% Consequently, recent efforts have
focused on the development of fully human monoclonal anti-
bodies to TRAIL-R1 and TRAIL-R2 that can be used to treat
human cancer with minimal associated immunogenicity.**3¢

We have applied phage display technology to isolate large
panels of human scFv specific for TRAIL-R1 and TRAIL-R2,
as well as a group of scFv that cross-react with both receptors.
Using a novel high-throughput screen, we demonstrated that
several TRAIL-R1 and TRAIL-R2 specific scFv possess potent
anti-tumor properties, inducing cell death without the require-
ment of any secondary cross-linking agents. Moreover, we dem-
onstrate tumor cell killing by purified monomeric Fab, indicating
that avidity is not essential to induce apoptosis. Thus, agonistic
scFv and Fab fragments, as well as whole IgG molecules, are able
to induce apoptosis of human tumor cell lines through specific
binding to TRAIL-R1 and TRAIL-R2.

These agonistic scFv have exquisite specificity for TRAIL-R1
or TRAIL-R2, they do not bind to any of the decoy receptors,
and they also compete directly with TRAIL for binding to either
TRAIL-R1 or TRAIL-R2. The high-throughput surrogate
apoptosis assay we developed for the identification of scFv ago-
nists also proved predictive of IgG agonism, since several scFv
described have now been converted to IgG format, and have been
confirmed to exhibit apoptotic activity both in vitro and in vivo.

Results

Isolation of scFv antibodies specific for TRAIL-receptors.
DPurified recombinant TRAIL-R1 and TRAIL-R2 Fc-fusion pro-
teins were used as target antigens for antibody isolation using a
large, non-immunized, human scFv phage antibody library.>”%
TRAIL receptors were presented to the library either immo-
bilised onto solid supports or in solution phase using bioti-
nylated TRAIL-receptors and streptavidin coated magnetic

beads (Dynal).”? Antibody isolation (‘selection’) strategies were
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designed to produce receptor specific scFv by performing selec-
tions on either TRAIL-R1 or TRAIL-R2 alone, or to produce
cross-reactive scFv by performing alternate rounds of selection on
both TRAIL-R1 and TRAIL-R2.

TRAIL-receptor specific scFvs from each selection strategy
were identified by direct binding ELISA against TRAIL-RI,
TRAIL-R2 and an irrelevant Fe-fusion protein. ScFvs that bound
to one or both TRAIL-receptors with an ELISA signal at least
3-fold greater than an irrelevant control antibody were deemed
to be specific for either TRAIL-R1 or TRAIL-R2, or cross-
reactive with both receptors. In total, over 14,000 scFvs were
analyzed by ELISA and 624 TRAIL-R1, 705 TRAIL-R2 and
1123 TRAIL-R1/-R2 cross-reactive scFvs were identified. The
ELISA experiments demonstrated that selections on TRAIL-R1
and TRAIL-R2 alone yielded predominantly scFvs specific for
each receptor. Very few (2%) scFvs isolated from selections on
TRAIL-R1 cross-reacted with TRAIL-R2. Similarly, only 0.4%
of scFvs isolated to TRAIL-R2 cross-reacted with TRAIL-R1.
Thus the vast majority of TRAIL-R1 and TRAIL-R2 cross-
reactive scFvs were derived from the hybrid selection approach
where both TRAIL-R1 and TRAIL-R2 were utilized at alternate
rounds of selection.

The nucleotide sequences of all 2452 TRAIL-receptor bind-
ing scFvs were determined and their respective variable heavy
(V,) and variable light (V|) amino acid sequences translated.
This analysis identified 637 scFvs to TRAIL-receptors that were
all different by at least one amino acid; 234 scFvs to TRAIL-R1,
269 scFvs to TRAIL-R2 and 134 scFvs that were cross-reactive
with both TRAIL-R1 and TRAIL-R2.

To illustrate the diversity of the scFvs produced to TRAIL-R1
and TRAIL-R2, each of the 637 different scFv sequences
were aligned to human germline V, sequence databases using
BLASTN (version 2.0.9). This analysis identified 27 different V
germlines utilized in the panel of 234 TRAIL-R1 scFv, 31 dif-
ferent V, germlines in the panel of 269 TRAIL-R2 scFv and 28
different V, germlines in the panel of 134 TRAIL-R1/-R2 cross-
reactive antibodies (Fig. 1). ScFv diversity was also demonstrated
by a study of V ,-CDR3 sequence information. 158 (68%) of the
234 TRAIL-R1 specific scFvs, 192 (71%) of the 269 TRAIL-R2
specific scFvs and 130 (97%) of the 134 TRAIL-R1/-R2 cross-
reactive scFvs all had unique V -CDR3 sequences with lengths
ranging from 5 to 21 amino acids (Fig. 2). This analysis demon-
strated that the panel of scFvs isolated to TRAIL-R1, TRAIL-R2
or to both receptors were all highly diverse in terms of their V ,
germline gene usage and also their V ,-CDR3 length.

Identification of agonistic scFv to TRAIL-receptors using a
surrogate assay of apoptosis. To measure inhibition of tumor cell
growth by TRAIL-receptor scFv in vitro, a surrogate apoptosis
assay was developed that responds to the chemical reduction of
growth medium resulting from cell proliferation. Agonistic scFv
were identified in the assay by their ability to inhibit cell growth
and prevent a colour change from blue to pink.

Apoptosis assays were developed for TRAIL-R1 using Hela
and ST486 cell lines and for TRAIL-R2 with HT1080 cells.
In the first instance, the sensitivity of each cell line to TRAIL
alone was measured, but minimal inhibition of cell proliferation
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Figure I. Sequence diversity of 637 TRAIL-receptor binding scFv. V,, germline gene segment utilization is shown for the panel of 234 TRAIL-RI
specific scFv (blue bars), 269 TRAIL-R2 specific scFv (red bars) and 134 TRAIL-RI/-R2 cross-reactive scFv (yellow bars). The frequency of V,, germline
utilization is expressed as a percentage of the total for each panel of scFv.

was observed. Assay conditions were further

optimised by adding TRAIL in combination TTRAIL-RT
with a sub-lethal dose of the protein synthesis - - m ETRAIL-R2 ||
e L . OTRAIL-R1/-R2
inhibitor cycloheximide to potently induce —
apoptosis. The optimised conditions identi- 50

fied for each cell line were then applied to the
testing of TRAIL-R1 and TRAIL-R2 scFv
and Fab fragments for potential agonistic
activity.

The panel of 234 TRAIL-R1 specific
scFvs were tested for cytotoxic effects on 20
TRAIL-R1 expressing HeLa cells. To iden-
tify scFv capable of inhibiting HeLa prolifer- 10 1
ation, all 234 TRAIL-RI specific scFvs were H E g
purified by IMAC and tested in the surro- g g ‘ -

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

% frequency

gate apoptosis assay at a single concentration
(600 nM) in combination with cyclohex-
imide (Fig. 3A). In this preliminary screen-
ing format a total of 14 TRAIL-R1 speciﬁc Figure 2.V, -CDR3 lengths of scFv isolated to TRAIL-RI (blue bars), TRAIL-R2 (red bars) or
cross-reactive with both receptors (yellow bars). V, -CDR3 sequence lengths ranged from 5 to
2| amino acids with a mean length of 11.5 amino acids.

VH-CDR3 length

scFv were identified as putative agonists that
inhibited proliferation of HelLa cells.

To identify putative agonists of TRAIL-
R2, the panel of 269 TRAIL-R2 specific scFvs were tested for  screening of periplasmic scFv extracts in high throughput (96-
cytotoxic effects on TRAIL-R2 expressing HT1080 cells. The  well) format in combination with cycloheximide (Fig. 3B).
surrogate apoptosis assay was further developed to enable direct  Periplasmic scFv extracts are of lower purity than IMAC purified
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cycloheximide was tested alone as a negative control (magenta bar).

Figure 3. |dentification of putative agonistic anti-TRAIL-RI and anti-TRAIL-R2 scFv in the surrogate apoptosis assay. (A) Anti-proliferative effects of
TRAIL-RI specific scFv (at 600 nM, blue bars) in combination with cycloheximide (0.5 ug/ml) were measured in the surrogate apoptosis assay using
Hela cells. Putative scFv agonists were identified as those that significantly inhibited Hela cell proliferation relative to the irrelevant control scFv (anti-
BLyS, yellow bar). In the above example 4 scFvs were identified (marked *) as putative TRAIL-RI agonists for further study. TRAIL (at 125 ng/ml, red
bar) in combination with cycloheximide was included in the assay as a positive control. No effect was seen with cycloheximide treatment alone (green
bar). (B) Anti-proliferative effects of TRAIL-R2 periplasmic scFv preparations investigated in a high-throughput Alamar blue assay using HT1080 cells

in combination with cycloheximide. Putative scFv agonists were identified as those that significantly inhibited HT1080 cell proliferation relative to the
irrelevant control scFv (anti-CEA6, green bar). In this example 48 anti-TRAIL-R2 scFv were tested and 12 inhibitors of HT1080 cell proliferation identi-
fied for further study (marked *). TRAIL (at 125 ng/ml) in combination with cycloheximide (red bar) was included in the assay as a positive control and

scFv, and consequently assay performance was slightly compro-
mised with a 40% reduction in maximal cellular proliferation.
However, a sufficient assay window remained to enable identi-
fication of agonistic scFv (Fig. 3B). In this preliminary screen,
a total of 35 TRAIL-R2 specific scFv were identified as putative
agonists that inhibited proliferation of HT1080 cells.
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The panel of 134 TRAIL-R1/-R2 cross-reactive scFvs were
tested for cytotoxic effects on both TRAIL-R1 expressing
ST486 cells and TRAIL-R2 expressing HT1080 cells. The high-
throughput TRAIL-R2 assay using HT1080 cells was again used
to identify TRAIL-R1/-R2 cross-reactive scFv capable of inhib-
iting tumor cell proliferation through TRAIL-R2. In addition,
a second high-throughput assay was developed to enable direct
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Figure 4. Tumor cell killing by agonistic TRAIL-RI and e

TRgAIL-RZ scFvs. Example ditaydegmonstrating anti- A Inhibition of HeLa cell growth by TRAIL-R1 scFv
TRAIL-RI scFv induced tumor cell killing of (A) HeLa and ECso
(B) ST486 cells and anti-TRAIL-R2 scFv induced tumor 120- v T1-1 3.4nM
cell killing of (C) HT1080 cells. Cell viability is presented c o T1-2 1.5nM
as percent proliferation in the presence of increasing S 1007 e T1-3 43nM
concentrations of different anti-TRAIL-RI or TRAIL-R2 g 80 Ti-4 16nM
scFv, TRAIL, or irrelevant scFvs. The test TRAIL-RI and % s Ti-5 73nM
TRAIL-R2 scFvs presented all inhibited proliferation of ei- 5 601 - ¢ T1-6 68nM
ther Hel._a, ST4.86.o.r.HT|080 cells as shown (EC.50 values 3 40- + TRAIL 107pM
given) with no inhibition obse?rved by an.y of tl?e irrelevant :‘|':’ Irrelevant scFv
control scFvs. (D) Confirmation of the induction of apop- 2 20+

tosis by TRAIL-RI scFvs Tl-1 and TI-2 in a caspase 3/7 -

activation assay, showing the effect of Tl-1 (red) and T1-2 12 11 10 -9 8 -7 -6 5

(blue) as compared to an irrelevant scFv (grey), TRAIL [scFv](log/M)

(white) or cycloheximide alone (black). All scFvs were as-

sayed in triplicate at a single concentration of 100 nM. B Inhibition of ST486 cell growth by TRAIL-R1 scFv

ECsg
screening of TRAIL-R1/-R2 cross-reactive periplas- e 1201 v T 60pM
mic scFv extracts for anti-proliferative properties 'l% 100 = T1-7 2nM
against the TRAIL-RI expressing cell line ST486. g 804 . Ti-8 17nM
However, after analysis in both of these assays, none o ¢ T1-9 6nM
of the 134 TRAIL-R1/-R2 cross-reactive scFv were § 601 ° T1-10 10nM
shown to inhibit proliferation of either ST486 or S 407 . Irrelevant scFv
HT1080 cells (data not shown). ‘\2 20

Characterization of anti-TRAIL-R1 agonistic ° 0 ————— et
scFvs. The 14 putative TRAIL-RI agonistic scFv 13 12 11 10 9 -8 -7 6 -5
were characterized in the surrogate apoptosis assay [scFv](log/M)

to determine EC,| data. The agonistic activity of
10 scFvs was confirmed in the assay with the most C Inhibition of HT1080 cell growth by TRAIL-R2 scFv

potent scFvs having EC s in the low nanomolar ECso
range (Fig. 4A). The two most potent scFv identi- 120- ¢ T2 0.8nM
fied, T1-1 and T1-2, inhibited HeLa cell prolifera- S 1004 T voT2:2 nM
tion with EC_ ’s of 3.4 nM and 1.5 nM respectively. 5 + 123 08&M
By ; £ s o T24 &M
A selection of TRAIL-R1 scFvs were also tested in S . Tos M
the surrogate apoptosis assay fer anti—tu{nor effects § % T2.6  40nM
on a second TRAIL-R1 expressing cell line ST486. E 401 To-7 -
Again, the TRAIL-R1 scFvs potently inhibited 3 20+ & Irrelevant scFv
tumor cell growth with the most potent scFv, T1-1, . —_— TRAIL  0.4nM

oH—— T
having an EC, | of 60 pM (Fig. 4B). 8oz ['S‘:Fv]"(’lo g/':n) 768
To demonstrate that the effects of the anti-

TRAIL-R1 scFvs on cell viability were due to apop- D Caspase 3/7 Activation by TRAIL-R1 scFv

tosis, T1-1 and T1-2 scFvs were tested in a caspase

activation assay using Hela cells. Both scFvs were ; 800007

able to induce a specific activation of caspase 3/7 that £ 60000
was not observed with either an irrelevant scFv or g

cycloheximide alone (Fig. 4D), demonstrating that 3 400001
the anti-TRAIL-R1 scFvs were inducing cell death &

through an apoptosis pathway. g 20001
The ability of the panel of 10 TRAIL-R1 specific 3

s

scFv to antagonise TRAIL binding to TRAIL-R1

. . . . 2o . E R N X
was investigated using a biochemical ligand-bind- SRS SO
. . S
ing assay. All of the agonistic scFv were shown to < DS
& &

inhibit TRAIL binding to TRAIL-R1 (Fig. 5A). N
Again, T1-1 and T1-2 were the most potent anti-
TRAIL-R1 scFv identified (IC s of 2.5 nM and 4
nM, respectively) indicating that for TRAIL-RI the
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A scFv inhibition of TRAIL binding to TRAIL-R1

[scFv] (log/M)

> 140- ICso
5 1204 v T-1  25nM
m 1004 o T1-2 4nM
= 80+
5 e T1-3 6nM
k607 « T17  70nM
L 404
o * X1-1  10nM
< 20
Irrelevant scFv
c L] L] L] L) L} L} 1
142 11 10 -9 8 7 -6 5

scFv inhibition of TRAIL binding to TRAIL-R2

A1 40 9 8 7
[scFv] (log/M)

6 5 4

Figure 5. TRAIL-RI and TRAIL-R2 scFv antagonise TRAIL binding to either

(IC,,s shown).

TRAIL-RI and/or TRAIL-R2. Example data demonstrating that (A) binding of TRAIL
to TRAIL-RI and (B) binding of TRAIL to TRAIL-R2 can be inhibited by increasing
concentrations of different TRAIL-RI scFv (TI-1, TI-2, TI-3 and TI-7), TRAIL-R2
scFv (T2-1, T2-2, T2-3 and T2-7) and one TRAIL-RI/-R2 cross-reactive scFv (XI-1)

most potent agonistic scFv were also the most potent
antagonists of TRAIL binding.

The 5 anti-TRAIL-R1 agonistic scFvs, T1-1, T1-2,
T1-3, T1-7 and T1-8 were confirmed as specific for
TRAIL-R1 by ELISA (Fig. 6), with no binding to
other TRAIL receptor family members.

Characterization of TRAIL-R1 agonist T1-1 in
Fab format. The anti-TRAIL-R1 scFvs preparations
are likely to be monomeric, but may also contain
small quantities of scFv dimeric or multimeric frac-
tions. In order to test the effect of valency on the ago-
nistic activity of TRAIL-R1 scFv, T1-1 was retested
in the apoptosis assay in Fab format. To ensure that
a purely monomeric Fab fragment was obtained, the
T1-1 Fab was purified and subsequently re-assayed by
size-exclusion chromatography. This demonstrated
the presence of a monomeric peak at the expected
molecular weight of around 50 kDa, with no evidence
of any higher order species (Fig. 7A). In the surrogate
apoptosis assay, this monovalent T1-1 Fab fragment
was able to demonstrate neatly a 100% reduction of
HeLa cell proliferation, with an EC,, of 20 nM (Fig.

140
g 1204 'Osa
E + T2-1 17nM
@ 100 v T2-2 2nM
=
E 80 * T2-3 221nM
601 T2-7 33nM
2 404 * X1-1 7nM
X 20 Irrelevant scFv -
0 T T T 1 7B)

Characterization of anti-TRAIL-R2 agonistic
scFvs. The 35 putative TRAIL-R2 agonistic scFv
identified in the high-throughput surrogate apoptosis
assay were characterized more comprehensively in the
assay and the activity of six agonistic TRAIL-R2 scFv
confirmed (Fig. 4C). The most potent anti-TRAIL-
R2 scFv identified, T2-1, T2-2 and T2-3, inhibited
HT1080 tumor cell growth with EC,s of 0.8 nM,

1 nM and 0.8 nM respectively,

www.landesbioscience.com mAbs

comparing very favorably to
2.000 S ] homotrimeric TRAIL in the
1.800 1 i _ . same assay (EC, of 0.4 nM).
1.600 W TRAIL-R1 The ability of these six
E 1.400 B TRAIL-R2 agonisti? TRAIL-R2 sc.Fv. to
o 1.200 antagonise TRAIL binding
n TRAIL-R3 .
g 1.000 to TRAIL-R2 was also inves-
o 0.800 ARAL-LA tigated using a biochemical
0.600 HOPG ligand-binding assay. As with
0.400 [ Irrelevant the TRAIL-R1 agonistic scFv,
0.200 all of the agonistic anti-TRAIL-
0.000 -Him=mn e R2 scFv were also shown to
APV I I AN S RN S B inhibit TRAIL binding to
S A A A R . L TRAIL-R2 (Fig. 5B). However,
0\0@ in this instance the most potent
Anti-TRAIL receptor scFv N agonists were not n.ec.essarily
the most potent inhibitors of
TRAIL binding to TRAIL-R2.
Figure 6. Specificity of different scFv for TRAIL receptors. The specificity of anti-TRAIL receptor scFvs was The three most potent inhibi-
verified by ELISA against a panel of related antigens: TRAIL-RI, TRAIL-R2, TRAIL-R3, TRAIL-R4 and OPG tors of HT1080 liferation
together with an unrelated “irrelevant” Fc-fusion protein. TRAIL-RI scFy (T1-I, T1-2, TI-3, TI-7, T1-8) bound ors © proftteration,
specifically to TRAIL-RI (blue bars), TRAIL-R2 scFv (T2-1, T2-2, T2-3, T2-4, T2-7) bound specifically to T2-1, T2-2 and T2-3 (Ecsos
TRAIL-R2 (red bars), and the TRAIL-RI/-R2 cross-reactive scFv (XI-1) bound to both TRAIL-RI and TRAIL- of 0.8 nM, 1 nM and 0.8 nM),
R2. No binding was observed to any of the TRAIL decoy receptors (TRAIL-R3, TRAIL-R4, OPG) or to the inhibited TRAIL binding in
irrelevant Fc-fusion protein control. the TRAIL-R2 binding assay
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with contrasting IC_s of 17 nM, 2 nM and 221 nM,
respectively (Fig. 5B). In addition, TRAIL-R2 spe-
cific scFv were also identified that blocked TRAIL
binding to TRAIL-R2 but did not demonstrate any
inhibition of HT1080 cell proliferation. For example,
scFv T2-7 was a potent inhibitor of TRAIL binding
to TRAIL-R2 (Icso 33 nM) (Fig. 5B), but no inhibi-
tion of HT1080 cell proliferation was observed with
this scFv in the Alamar blue assay (Fig. 4C), which
indicated that there was no functional agonism.

The specificity of the anti-TRAIL-R2 agonistic
scFvs was confirmed by ELISA, with specific binding
to TRAIL-R2 and no binding to either TRAIL-R1 or
the other TRAIL-decoy receptors observed (Fig. 6).

Characterization of anti TRAIL-R1/-R2 cross
reactive scFv. Although none of the 134 TRAIL-R1/
R2 cross-reactive scFv inhibited growth of either
ST486 or HT1080 tumor cells in surrogate apoptosis
assays, their potential to antagonise TRAIL binding
to either TRAIL-R1 or TRAIL-R2 was investigated
in the biochemical ligand-binding assays described
above for TRAIL-R1 and TRAIL-R2. One scFv,
X1-1, was identified that inhibited TRAIL binding to
both TRAIL-R1 and TRAIL-R2 (Fig. 5) with IC s
of 10 nM and 7 nM respectively. The specificity of
X1-1 was confirmed by ELISA, where specific binding
to TRAIL-R1 and TRAIL-R2, but not the TRAIL-
decoy receptors was observed (Fig. 6). The potential
for X1-1 to inhibit tumor cell growth was again inves-
tigated using purified scFv in the ST486 and HT1080
surrogate apoptosis assays, but again X1-1 did not
demonstrate any agonistic activity against either
TRAIL-R1 or TRAIL-R2 (data not shown).

To better understand the sequence conservation
between TRAIL-R1 and TRAIL-R2 and the like-
lihood of isolating a cross-reactive agonistic scFv to
the ligand-binding interface of both receptors, con-
served residues were plotted onto a surface represen-
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Figure 7. Purification of monomeric Fab fragment TI-1 and inhibition of Hela cell
growth in the Alamar Blue™ surrogate apoptosis assay. The relative molecular mass
of the purified TI-| Fab as determined by size exclusion chromatography is shown in
(A\). For calibration, the elution peaks for four standard proteins (alcohol dehydro-
genase, Mw 150 kDa; bovine serum albumin, Mw 66 kDa; carbonic anhydrase, Mw
29 kDa and cytochrome C, Mw |2 kDa) are shown as crosses. A single peak is seen
at the predicted Mw for a monomeric Fab fragment (~50 kDa), with no evidence of
higher Mw peaks. The effect of TI-1 Fab on Hela cell viability is shown in (B). Cell
survival, expressed as % Hela cell proliferation, is shown following incubation with
increasing concentrations of T1-1 Fab (filled squares, red) and an irrelevant Fab (filled
diamonds, grey).

tation of the solved TRAIL-R2 crystal structure.®” Two loops
within the TRAIL receptor extracellular domains, the 50s and
90s loops, are known to bind TRAIL. The 50s loop has rela-
tively low sequence conservation (44%) between TRAIL-R1
and TRAIL-R2, whereas conservation within the 90s loop
is slightly higher (71%), and includes a stretch of four amino
acids (“EMCR”) which are known to make direct contact with
TRAIL.“ However, the conserved patches in the ligand-bind-
ing loops are relatively small and are surrounded by regions of
non-conserved residues, which would likely make the isolation
of a cross-reactive, ligand-blocking scFv extremely challenging.
In contrast, the C-terminal regions of the receptor extracellular
domains show 87% identity over a stretch of 30 amino acids,
providing a large area of conserved surface residues on the face of
the receptor. This region does not interact with TRAIL, and is a
likely binding site for the panel of cross-reactive antibodies.
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Discussion

Agonistic antibodies to TRAIL-R1 and TRAIL-R2 have been
described that have potential therapeutic utility as agents for the
treatment of human cancer.”'® Several anti-TRAIL-receptor
mAbs have been described with potent in vitro and in vivo anti-
tumor properties, and these antibody-mediated effects have been
accentuated by concomitant treatment with chemotherapeutic
agents.”33>3¢ e have demonstrated that monomeric antibody
formats in the form of a scFv or Fab fragment, are also able to
induce cell death through specific binding to either TRAIL-R1
or TRAIL-R2.

ScFv specific for TRAIL-R1 and TRAIL-R2 were iso-
lated from large naive libraries using phage display technology.
Different antibody isolation strategies were employed to maximise
the numbers and diversity of scFv produced to both TRAIL-R1
and TRAIL-R2. Selections were performed on recombinant
TRAIL-receptor fusion proteins in solution or immobilized onto
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solid supports by passive adsorption or by covalent coupling. In
total, 234 different scFv specific for TRAIL-R1, 269 different
scFv specific for TRAIL-R2 and 134 scFv cross-reactive with
both TRAIL-R1 and TRAIL-R2 were identified from these
selection strategies. The scFv were highly diverse in sequence as
demonstrated by their broad utilization of V, germline genes
and also their V, -CDR3 length. Moreover, the sequences of the
scFv were novel and did not contain any of the motifs reported
in other anti-TRAIL receptor antibodies (data not shown). 4
Taking sequence diversity as a surrogate measure of epitope bind-
ing diversity, these data suggest that scFv have been generated to
multiple epitopes of both TRAIL-R1 and/or TRAIL-R2.

ScFv or Fab fragments isolated by phage display are typically
characterized by antigen binding specificity and affinity, or by
their ability to inhibit specific ligand-receptor interactions.*
In this study, we were seeking anti-TRAIL receptor scFv with
potential agonistic activity, and therefore developed a novel apop-
tosis assay to screen scFv directly for function. The assay mea-
sured the ability of scFv to inhibit the proliferation of TRAIL-R1
or TRAIL-R2 expressing tumor cell lines (HelLa, ST486 or
HT1080) as a surrogate measure of apoptosis, and was used suc-
cessfully to identify putative agonistic scFv. All 637 anti-TRAIL
receptor scFv were rapidly profiled in this assay, and a total of 10
TRAIL-R1 specific scFv and 6 TRAIL-R2 specific scFv shown
to potently inhibit tumor cell growth in vitro. Comprehensive
ELISA analysis of these agonistic scFv confirmed their speci-
ficity for either TRAIL-R1 or TRAIL-R2 and no binding was
observed to any of the decoy receptors, TRAIL-R3, TRAIL-R4
or OPG. This is not unexpected given the low level of sequence
identity (45—60%) shared between the extracellular domains of
these receptors at the amino acid level.*

Cross-reactive TRAIL-receptor antibodies are relatively few,
but include those reported to TRAIL-R3 and TRAIL-R4.%
We have described here the isolation of 134 cross-reactive scFv
that recognise both TRAIL-R1 and TRAIL-R2; to our knowl-
edge, this is the first report of a panel of antibodies with this
specificity. Furthermore, the broad sequence diversity among
these 134 scFvs, especially in the V,CDR3 loop, suggests that
they bind to multiple cross-reactive epitopes on TRAIL-R1 and
TRAIL-R2. Despite this, none of the cross-reactive scFv inhib-
ited growth of tumor cells and only one, X1-1, was able to block
binding of the ligand TRAIL, suggesting that the most common
epitopes for cross-reactive TRAIL receptor scFv lay outside of the
TRAIL binding site. A comparison of the TRAIL binding sites of
TRAIL-R1 and TRAIL-R2 indeed demonstrated relatively low
sequence homology (44 and 71% within the 50s and 90s loops
respectively), especially when compared to distal regions such as
the C-terminal juxtamembrane portion (87%). This latter region
seems a much more likely candidate for the location of cross-
reactive epitopes and, as it is distant from the TRAIL binding
site, may explain why most cross-reactive scFv were unable to
block TRAIL.

Current understanding of TRAIL-R activation argues that it
is an oligomerization event mediated by homotrimeric TRAIL#
or by bivalent agonistic IgG*"% that is the key event in recep-
tor activation, and therefore it is perhaps surprising that a
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monomeric scFv fragment can reproduce these effects. Examples
of scFv agonists are rare, but include those described to the CD40
receptor® and the MuSK tyrosine kinase receptor.”® The anti-
MuSK receptor scFv were also isolated by phage display using the
same antibody libraries described here together with selection on
recombinant MuSK-Fc fusion protein. It was postulated that the
dimeric nature of the antigen enabled selection of scFv binding to
the interface across neighbouring MuSK receptors thus promot-
ing receptor dimerization. Similarly, our TRAIL-receptor selec-
tion strategies also utilized dimeric TRAIL-receptor Fc-fusion
proteins and therefore the anti-tumor activity we observe could
be due to a similar mechanism of action. This could therefore
provide a generic strategy for the selection of antibodies to multi-
meric cell surface receptors.

For some anti-TRAIL-receptor antibodies, the anti-tumor
properties are reliant upon or are enhanced by the addition of
cross-linking agents to promote receptor oligomerisation.>! The
scFv identified in our study, however, did not require the addition
of a secondary cross-linking agent for activity, and when cross-
linking was investigated for one scFv (T1-1) no further gains in
tumoricidal activity were observed (data not shown). Another
possibility is that the scFv fragments may have spontaneously

5253 thus enhanc-

formed into dimers or higher order multimers,
ing their potential cross-linking activity and potential for recep-
tor activation. To further investigate this we purified TRAIL-R1
specific scFv T1-1 by FPLC chromatography and demonstrated
that both a monomeric scFv (data not shown) and, importantly,
a monomeric Fab fragment could inhibit proliferation of Hela
cells independently of any higher order species. To our knowl-
edge, this is the first example of a pure, monomeric Fab fragment
acting as an agonist.

Recent studies have suggested that a domain in TNF recep-
tors mediates ligand-independent receptor assembly and that
TRAIL-R1 and TRAIL-R2 may be preformed complexes that do
not require TRAIL for cross-linking.'*>*> Regardless of whether
or not TRAIL binds to preformed receptor complexes, it is inter-
esting to compare the binding of the agonistic scFv described
here to that of TRAIL. Indeed, all 16 of the agonistic scFv in our
study were also able to antagonise the binding of TRAIL to either
TRAIL-R1 or TRAIL-R2 suggesting that they bind to epitopes
overlapping with the TRAIL binding site. Therefore, our scFv
and Fab fragments may function by binding to residues within
the TRAIL binding site and exerting their anti-tumor effects
by mimicking the apoptosis-inducing mechanism of TRAIL.
Indeed, for two TRAIL-R1 specific scFv described here, we were
able to demonstrate receptor activation via the caspase pathway,
indicating that the growth inhibitory effect was due to the induc-
tion of apoptosis rather than any other type of cell death.

The scFv described here have been reformatted as IgG and
shown to potently inhibit tumor cell growth thus demonstrating
that the screen developed to identify scFv agonists was also predic-
tive of agonism as whole IgG. In vitro studies confirmed that the
mode of action was via agonism of TRAIL-R1 and TRAIL-R2,
with subsequent activation of cellular caspases, Bid and cleav-
age of PARP leading to apoptosis and cell death.**3¢ As IgG,
these TRAIL receptor antibodies showed improved potencies
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relative to their scFv counterparts and also demonstrated anti-
tumor properties in the absence of either chemotherapeutic or
cross-linking agents. However, it was noticeable that the effects
of these IgGs” were significantly enhanced by simultaneous treat-

3436:56 Moreover,

ment with either chemotherapy or irradiation.
significant anti-tumor activity in multiple in vivo xenograft mod-
els of cancer has been demonstrated,***® and subsequently two
antibodies from this group are now being studied extensively in

clinical trials for the treatment of human cancers.
Materials and Methods

Reagents and cell lines. Recombinant human TRAIL-RI,
TRAIL-R2, TRAIL-R3 and TRAIL-R4 Fc fusion proteins
were produced by HGSI (Rockville, USA). OPG Fc fusion pro-
tein and an irrelevant Fc fusion protein were supplied by R&D.
Biotinylated TRAIL-R1 and TRAIL-R2 were prepared using
NHS-biotin coupling chemistry (Pierce) at a molar ratio of 5:1
biotin to protein.

Tumor cell lines Hela (cervix epitheloid carcinoma), ST486
(Burkitt’s lymphoma) and HT1080 (fibrosarcoma) were obtained
from ATCC. HeLa cells express both TRAIL-R1 and -R2, ST486
express TRAIL-R1 only and HT1080 express TRAIL-R2 only
(data not shown). Cycloheximide was obtained from Sigma (Cat.
No. R750107) and Alamar Blue™ from Serotec (Cat. No. BUF
012A). Recombinant TRAIL was purchased from Peprotech
(Cat. 310-04).

Antibody isolation. Phage display technology was used to iso-
late scFv to TRAIL-R1, TRAIL-R2 and scFv capable of cross-
reacting with both receptors. A large non-immunised human
scFv (single chain variable fragment) phage display library, now
expanded from 10" to 10" binding members (Lloyd et al. in
press), was used for antibody isolation (‘selections’), as described
previously.” Briefly, human TRAIL-R1 or TRAIL-R2 Fe-fusion
proteins, at 10 ug/ml in PBS, were immobilised directly onto
MaxiSorp plates (Nunc) or covalently coupled to Protein
Immobilizer plates (Nunc), overnight at 4°C. Three to four
rounds of panning selection were performed for each TRAIL
receptor using the human scFv phage antibody library. Soluble
selections were carried out as previously described®® using bioti-
nylated TRAIL-R1 or biotinylated TRAIL-R2 at a concentration
of 100 nM. For both the immobilisation and soluble selection
strategies, a deselection step was performed using a 10-fold molar
excess of an irrelevant Fe-fusion protein to minimize the possibil-
ity of isolating scFv to the Fc domain of the fusion protein.

Phage ELISA. TRAIL-R1, TRAIL-R2, TRAIL-R3,
TRAIL-R4, OPG and an irrelevant Fe-fusion protein, all at
1 ug/ml in PBS, were immobilised onto 96 well Maxisorp plates
(Nunc) overnight at 4°C. Anti-TRAIL receptor scFv were pre-
pared as phage supernatants and screened by phage ELISA as
described previously.

DNA sequencing. DNA sequencing was performed at the
DNA sequencing facility at Human Genome Sciences, Inc.
Full length V, and V| sequences of all the TRAIL-receptor
specific scFv identified in ELISA were determined as described
previously.*’
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Preparation of bacterial periplasmic extracts. A 96 well
plate containing bacterial glycerol stocks was replicated into a 2
ml (deepwell) 96 well plate containing 500 ul of 2TY, 100 ug/
ml ampicillin (Becton Dickinson, Oxford, UK), 0.1% glucose
(VWR BDH, Lutterworth, UK). The culture was incubated at
37°C for approximately 5 hr at 250 rpm and then scFv expres-
sion induced by the addition of 100 ul of 0.2 mM IPTG (VWR
BDH, Lutterworth, UK) in 2TY. Incubation was continued
overnight at 30°C with agitation at 250 rpm. The bacteria were
pelleted by centrifugation at 2,500 rpm for 10 minutes at 4°C.
Post-centrifugation, the supernatant was removed and the bacte-
rial pellet resuspended in 300 ul of TES pH 7.4 (50 mM Tris-
HCI, 0.5 mM EDTA, 0.5 M Sucrose). The microtiter plates were
left on ice for 30 minutes. The scFv enriched bacterial periplas-
mic extract was then prepared by clarification of the suspension
using centrifugation at 4,000 rpm for 10 minutes at 4°C.

Purification of scFv and Fab molecules. scFv were prepared
from Escherichia coli periplasmic extracts and then purified by
immobilised metal affinity chromatography (IMAC) as described
previously® For expression of Fab molecules in E. coli, the V
and V| regions were cloned from the phage display vector pCan-
tab6 into a Fab expression vector pFab, which expresses the heavy
and light chains of the Fab under the control of the Lac promoter.
Fabs were expressed and purified with the same methods used for
scFvs except that an additional size exclusion chromatography
step was included to ensure the purification of purely monomeric
Fab fragments, as described previously.”” The relative molecular
mass of the purified Fab was assessed by size-exclusion gel chro-
matography on a Superose 12 HR 10/30 column (Pharmacia) in
PBS, pH 7.4, calibrated with standard proteins (alcohol dehydro-
genase, Mw 150 kDa; bovine serum albumin, Mw 66 kDa; car-
bonic anhydrase, Mw 29 kDa and cytochrome C, Mw 12 kDa).
The flow-rate was 0.5 ml/min and the absorbance of the effluent
stream was monitored at 280 nm.

Tumor cell proliferation assay. Tumor cell lines were seeded in
culture medium onto 96 well tissue culture plates the day prior to
the assay (HeLa, 3 x 10%/well or HT1080, 1 x 10° cells/well) and
grown overnight at 37°C and 5% CO,. ST486 cells were plated at
5 x 10%/well on the same day as the assay. TRAIL-receptor scFv/
Fabs were analyzed in one of two formats: (1) as scFv prepared
directly from periplasmic extracts or (2) as purified scFv or Fab
fragments. ScFv were added to the tumor cells in combination
with a sub-lethal dose of the sensitising agent, cycloheximide
(500 ng/ml) and the cells incubated for 16-18 hours at 37°C,
5% CO,. Fab fragments were added to the tumor cells in com-
bination with 33 ug/ml cycloheximide. Irrelevant scFv or Fab
fragments served as negative controls and recombinant TRAIL
(125 ng/ml) as a positive control. After incubation of scFv or Fab
with the tumor cell lines, Alamar Blue™ was aseptically added in
an amount equal to 10% of the culture volume. The plates were
returned to the incubator for an additional 4 hrs at 37°C and
viability assessed by measuring fluorescence on a Wallac 1420
workstation at 560 nm excitation and 590 nm emission. The
EC, for the binding of the scFv or Fab fragment to TRAIL-R1 or
TRAIL-R2 was determined and compared with that of TRAIL.
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TRAIL inhibition assay. The ability of individual TRAIL-
receptor scFvs to inhibit the binding of biotinylated-TRAIL to
immobilised TRAIL-R1 or TRAIL-R2 was assessed in a bio-
chemical receptor inhibition assay. TRAIL-R1 or TRAIL-R2 Fc
fusion proteins were coated onto Nunc 96-well Maxisorp plates
(Nunc) at 25 ng TRAIL receptor/well. IMAC-purified scFv
(from 30 pg/ml to 0.01 ug/ml) were added to each well in the
presence of 120 ng/ml biotinylated TRAIL. Binding of biotiny-
lated TRAIL was then detected via streptavidin-DELFIA® tech-
nology (Wallac) and read on a Wallac 1420 workstation at 340
nm excitation and 615 nm emission. The IC, value for the com-
petition of scFv for TRAIL binding to TRAIL-R was determined
using Graphpad Prism® software.

Caspase activation assay. HeLa cells were seeded in culture
medium onto 96 well tissue culture plates the day prior to the
assay at a density of 3 x 10*/well and grown overnight at 37°C and
5% CO,. The scFv were added to the tumor cells in combination
with a sub-lethal dose of the sensitising agent, cycloheximide (33
ug/ml) and the cells incubated for 6 hours at 37°C, 5% CO,.

Irrelevant scFv or cycloheximide alone served as negative con-
trols. The assay was performed according to the manufacturer’s
instructions (Caspase-Glo® 3/7 Assay from Promega). Following
incubation of HelLa cells with scFv, 100 ul Caspase-Glo® reagent
was added and the plate incubated for 1 hour at room tempera-
ture before reading on a luminometer.

Structural alignment of TRAIL-R1 and TRAIL-R2.
Structural illustrations using the X-ray co-ordinates of TRAIL-R2
from PDB entry 1d0g*® were performed using the molecular

graphics package PYMOL.®
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