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ABSTRACT

Fusion proteins combining oligomeric assemblies of a genetically obtained single-chain (sc) variant of
tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) with antibodies directed against tumor-
associated antigens represent a promising strategy to overcome the limited therapeutic activity of
conventional soluble TRAIL. To further improve the scTRAIL module in order to obtain a robust,
thermostable molecule of high activity, we performed a comprehensive analysis of the minimal TNF
homology domain (THD) and optimized linkers between the 3 TRAIL subunits constituting a scTRAIL.
Through a stepwise mutagenesis of the N- and C-terminal region and the joining linker sequences, we
generated bioactive scTRAIL molecules comprising a covalent linkage of the C-terminal Val280 and the N-
terminal position 122 by only 2 amino acid residues in combination with conservative exchanges at
positions 122 and 279. The increased thermal stability and solubility of such optimized scTRAIL molecules
translated into increased bioactivity in the diabody-scTRAIL (Db-scTRAIL) format, exemplified here for an
epidermal growth factor receptor-specific Db-scTRAIL. Additional modifications within the diabody linkers
resulted in a fusion protein exerting high, target-dependent apoptosis induction in tumor cell lines in vitro
and potent antitumor activity in vivo. Our results illustrate that protein engineering of scTRAIL and
associated peptide linkers provides a promising strategy to develop antibody-scTRAIL fusion proteins as
effective antitumor therapeutics.

Abbreviations: aa, amino acid; ALT, alanine aminotransferase; AUC, area under the curve; CD, cluster of differentiation; Cl, con-
fidence interval; Db, diabody; DR, death receptor; ECso, half maximal effective concentration; EGFR, epidermal growth factor
receptor; FBS, fetal bovine serum; Fc, fragment crystallizable; Ig, immunoglobulin; i.p., intraperitoneal(ly); i.v., intravenous(ly); PE,
phycoerythrin; PK, pharmacokinetics; PNGase F, protein N-glycosidase F; s.c,, subcutaneous(ly); scFv, single-chain Fv fragment;
SCTRAIL, single-chain TRAIL; SD, standard deviation; SEC, size-exclusion chromatography; THD, TNF homology domain; TMB,
3,3 5,5 -tetramethylbenzidine; TNF, tumor necrosis factor; TRAIL, TNF-related apoptosis-inducing ligand; V},, variable domain of
immunoglobulin heavy chain; V,, variable domain of immunoglobulin light chain
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Introduction

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) is capable of specifically inducing apoptosis in tumor
cells without affecting non-transformed cells. In contrast to
other cell death-triggering tumor necrosis factor (TNF) super-
family members, e.g., TNF or CD95L (FasL), soluble, homotri-
meric TRAIL is well tolerated upon systemic application in
humans.'* TRAIL activates the extrinsic apoptotic pathway via
binding to death receptors (DR) 4 and 5, which leads to apo-
ptosis of tumor cells. Nevertheless, in several clinical trials, con-
ventional TRAIL such as dulanermin®® and a circularly
permuted TRAIL (CPT)®’ proved to be largely ineffective. This
clinical failure has been subsequently attributed to the low
in vivo bioactivity of the TRAIL molecules administered, and
their rather short terminal plasma half-life (~1 hour).*¢

Consequently, alternative therapeutic strategies targeting
TRAIL death receptors have been developed, such as agonistic
monoclonal antibodies directed against either DR4, e.g., mapa-
tumumab,®® or DR5, e.g., conatumumab'® and lexatumumab."'
However, Phase 1 and 2 clinical studies revealed ambiguous
results (for review see refs. 12, 13). Trials investigating combi-
nation treatments of recombinant TRAIL with chemotherapeu-
tics, e.g., paclitaxel and carboplatin, that might break potential
resistance toward TRAIL-induced apoptotic pathways did not
substantially improve clinical responses.”

Mechanistically, apoptosis induction by TRAIL, as for other
ligands of the TNF family, occurs via receptor clustering.'®
Under physiologic conditions, TRAIL is expressed as a non-
covalently associated homotrimeric membrane protein, from
which it is proteolytically cleaved into a soluble, homotrimeric
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form. In vitro, both the membrane and the soluble forms are, in
principle, able to induce apoptosis, albeit with different effi-
ciency and, depending on cell type, via distinct receptors. The
soluble form can induce apoptosis in some tumor cells via trig-
gering DR4, whereas for many types of solid tumors DR5 plays
a dominant role in TRAIL-mediated apoptosis induction.'>'¢
DR5, however, is poorly activated by soluble TRAIL, but effi-
ciently triggered by the membrane form of natural TRAIL or
membrane-mimetic agonists causing DR5 clustering in the
membrane, such as genetically engineering controlled oligo-
meric forms of soluble TRAIL."” A suitable molecular basis for
generation of oligomeric TRAIL variants is the single-chain
TRAIL format, in which the 3 extracellular domains of TRAIL
are covalently linked by 2 short peptide sequences.'® Thus,
unlike the naturally processed soluble TRAIL and recombinant
therapeutics derived thereof,'” a scTRAIL lacks inactivating dis-
sociation at dilute concentrations, i.e., is stable as a trimer at
physiologic temperatures.'®*® SCTRAIL molecules have been
successfully used to generate antibody TRAIL fusion proteins
to achieve specific targeting and to improve pharmacokinetic
properties with the aim to enrich the therapeutic protein at the
tumor site.'">***' Moreover, depending on the antibody format
used as fusion partner for scTRAIL, we recently showed that a
controlled oligomerization of the scTRAIL module can be
achieved, for example, through fusion of a diabody or a dimer-
ization module such as the heavy chain domain 2 of IgE, result-
ing in substantially increased biological activity compared to
STRAIL, scTRAIL, and targeted scTRAIL in a monomeric scFv
fusion protein.”>*'

Because we noted a rather low thermal stability of scTRAIL
with a melting temperature of approximately 46°C, as determined
by dynamic light scattering, we set out to develop derivatives of
scTRAIL with increased biophysical and biochemical properties
as a prerequisite for clinical development of tumor-targeted
TRAIL-based therapeutics. Here, we describe the results of a
rational design of single-chain TRAIL variants comprising TNF
homology domains (THD) of minimal length. The use of N- or
C-terminal deletions in combination with distinct mutations at
the termini and appropriate linker sequences led to fully bioactive
scTRAIL molecules with increased thermal stability, solubility
and production rate.”*>* Most importantly, the use of the evolved
scTRAIL molecules as components in the diabody (Db)-scTRAIL
format, additionally modified in linker peptides between the Vy,
V1 and scTRAIL moieties, led to a further improvement of prod-
uct quality of this second generation of Db-scTRAIL, and resulted
in potent antitumor activities in a xenograft mouse model.

Results
Stepwise evolution of minimal scTRAIL variants

We started with a scTRAIL variant composed of 3 identical
TRAIL subunits (scTRAIL) comprising residues 95 to 281
(95L8), i.e., having the following composition: subunit-1 (aa
95-281)-(GGGS),-subunit 2 (aa 95-281)-(GGGS),-subunit 3
(aa 95-281), with the aim of generating a panel of new
scTRAIL molecules comprising THDs with reduced length. In
a first set, 4 new scTRAIL molecules with individual subunits
starting either with amino acid (aa) residue Vall14 or Gln120,

respectively, were generated. Two different Gly/Ser polypepti-
des with a length of 4 (GGGS) or 8 residues (GGGS), were
used in these molecules, leading to the variants scTRAIL-
FLVGGGGSVRERGPQRVA, scTRAIL-FLVGGGGSGGGSVRE
RGPQRVA, scTRAIL-FLVGGGGSQRVA and scTRAIL-FLVG
GGGSGGGSQRVA (wild-type TRAIL sequences are under-
lined, additional linker aa residues are in italics, see Fig. 1 and
Table 1). All scTRAIL variants were expressed in soluble form
upon transient or stable transfection of HEK293 cells, and
could be purified by anti-FLAG affinity chromatography. A
predominantly monomeric composition for the scTRAIL mole-
cules was observed in size-exclusion chromatography (SEC),
although main peaks were accompanied by minor amounts of
low-order oligomers in some cases (Fig. S1). The melting points
of these scTRAIL variants determined by dynamic light scatter-
ing were between 46 to 50°C (Table 1, Fig. S3). For comparison,
homotrimeric soluble TRAIL (sTRAIL,;5_,g;) exhibited a melt-
ing point of 46°C. The apoptosis-inducing activity of the new
scTRAIL variants was tested in a cytotoxicity assay using
Col0205 colon carcinoma cells sensitized with 250 ng/ml borte-
zomib.?® All scTRAIL variants were bioactive with ECs, values
in the range of 77 to 199 pM (Table 1, Fig. S2).

Next, we analyzed if the TRAIL subunits can also be con-
nected directly or with a short linker sequence without affecting
production and bioactivity. Glycine 118 was chosen as the N-
terminal residue (see Fig. 1). SCTRAIL molecules starting from
Gly118 were generated, whereby those molecules only com-
prised wild-type TRAIL sequences (scTRAIL-FLVGGPQRVA)
or comprised a single or 2 glycine residues for connecting the
modules (scTRAIL-FLVGGGPQRVA, scTRAIL-FLVGGGGPQ
RVA). These scTRAIL variants were expressed in soluble form
upon transient or stable transfection of HEK293 cells, with
melting points increased to 52 or 53°C, respectively (Table 1,
Fig. 2A, Fig. S3). The bioactivity of these 3 scTRAIL molecules
was slightly increased compared to the scTRAIL 114/120 var-
iants (ECs, values between 56-69 pM) (Table 1, Fig. S2).

Based on these findings, we further reduced the N-terminal
position to residues GIn120 (scTRAIL-FLVGGQRVA), Argl21
(scTRAIL-FLVGGRVA), or Val122 (scTRAIL-FLVGGVA), con-
necting the shortened subunits with a single glycine residue (Fig. 1,
Table 1). All three scTRAIL variants could be purified in soluble
form from cell culture supernatants of transfected HEK293 cells.
Melting points were determined for scTRAIL-FLVGGRVA and
scTRAIL-FLVGGVA. Both variants exhibited a further increased
stability, evident from a melting point of 54° C (scTRAIL-
FLVGGRVA) and 57°C (scTRAIL-FLVGGVA) (Fig. 2A, Fig S3).
ECs values in the range of 40 pM were determined for cell death
induction in Colo205 cells in the presence of bortezomib (Table 1,
Fig. S2). However, the substantially higher thermal stabilities and
bioactivities of scTRAIL-FLVGGRVA and scTRAIL-FLVGGVA
correlated with an increase in multimeric species compared to
scTRAIL 118 molecules (Fig. S1).

Influence of amino acid residues at N- and C-terminus of
the TRAIL THD on protein solubility

The structure of soluble TRAIL bound to DR5*® indicates that
Val122, preceding the first S-strand of soluble TRAIL, forms a
hydrophobic bond with Leu279 of the C-terminus (Fig. 1C).
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Figure 1. A single-chain format for human TRAIL. (A) Amino acid sequences in the extracellular domain of human TRAIL in which the modifications described in this work
are located. For the previous generation of scTRAIL, we used the N-terminal position 95 as a start, involving 26 aa residues of the stalk region, preceding the receptor
binding domain. Each individual TRAIL subunit of the scTRAIL molecules described in this work begins in close proximity of the N-terminus of the receptor binding
domain (122-281), as realized for the aa positions 118, 120, 121, 122 and 123. (B) Scheme depicting the generation of single-chain TRAIL from soluble TRAIL. Su, subunit.
(C) Val122 and Leu279 of human TRAIL are involved in a hydrophobic interaction, thereby defining beginning and end of the TNF homology domain. Both residues were
connected by Val280 and 2 linking residues as demonstrated for scTRAIL-FLVGGVA and derived variants scTRAIL-F(L/A/I)V(G/S)G(V/A/N)A in order to form scTRAIL mole-

cules of minimal size.

The importance of Vall22 and Leu279 for the formation of
active scTRAIL molecules was analyzed by substituting these
residues by glycine, alanine or other hydrophobic residues.
Substitution of Vall22 in scTRAIL-FLVGGVA by glycine or
methionine, as well as substitution of Leu279 and Vall22 by
glycine, resulted in insoluble products as shown by immuno-
blotting analysis (Fig. S4). Of note, the hydrophobic interaction
of Leu279 and Vall122 in scTRAIL-FLVGGVA, determined by
soluble expression, could not be retained by switching of these
residues (L279V/V122L) (Fig. S4). In contrast, substitution of
Val122 by isoleucine or alanine, as well as double substitutions
Leu279A/Val122A, yielded soluble protein upon expression in
HEK?293 cells.

To further shed light on the importance of N-terminal aa
residues at positions 120 to 123, mutants of homotrimeric
sTRAIL with glycine substitutions at the respective positions
were stably expressed in HEK293 cells. Glycine substitutions at
positions 120 or 120 and 121 (Q120G/Q120G/R121G) yielded

soluble proteins, whereas proteins carrying the substitutions at
positions 120-122 (Q120G/R121G/V122G) or 120-123
(Q120G/R121G/V122G/A123G) were insoluble (Fig. S5). A
further mutant with glycine substitutions at positions 121 and
123 (R121G/A123G), thus maintaining V122, was expressed in
soluble form, further supporting the crucial role of Val122.

In a final round of optimization, positions 279, 281 and 122
were varied with distinct combinations of isoleucine, alanine or
serine residues (Table 1). The molecules scTRAIL-FAVSGAA
(L279A/G281S/V123A), scTRAIL-FAVGGIA (L279A/V123I),
scTRAIL-FIVGGIA ~ (L2791/V123I),  scTRAIL-FLVSGIA
(G281S/V123I), scTRAIL-FIVSGIA (L2791/ G281S/V123I) and
scTRAIL-FAVSGIA (L279A/G281S/V123I) could be expressed
in a soluble form. The integrity of the proteins was confirmed
by SDS-PAGE and SEC. Most intriguingly, a high grade of
sequence reduction, as realized for instance in scTRAIL-FAVS-
GAA, directly correlated with more compact molecules show-
ing reduced hydrodynamic radii (Fig. 2B), corroborated also by
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Table 1. Protein solubility, denaturation temperatures and in vitro bioactivity of
sCTRAIL variants.

Tm ECso (pM) of

Molecule Solubility (°Q) bioactivity'
STRAIL yes 46

sCTRAIL-95L.8 yes 47 219417
SCTRAIL-FLYGGGGSGGGSVRERGPQRVA yes 46 199 + 110
SCTRAIL-FLVGGGGSVRERGPQRVA yes 47 135+ 35
SsCTRAIL-FLVGGGGSGGGSQRVA yes 49 123 + 21
SCTRAIL-FLVGGGGSQRVA yes 50 77 £16
sCTRAIL-FLVGGGGPQRVA yes 52 65+ 28
sCTRAIL-FLVGGGPQRVA yes 52 56 + 13
SCTRAIL-FLVGGPQRVA yes 53 6949
sCTRAIL-FLVGGQRVA yes nd nd
SCTRAIL-FLVGGRVA yes 54 394£3F
SCTRAIL-FLVGGVA yes 57 4146
scTRAIL-FLVGGGA no — —
sCTRAIL-FGVGGGA no — —
SCTRAIL-FLGGGGA no — —
SCTRAIL-FLGGGA no — —
SCTRAIL-FLVGGLA no — —
SCTRAIL-FLVGGMA no — —
SCTRAIL-FWGGLA no — —
SCTRAIL-FLVGGIA™ yes 54 47 +19*
scTRAIL-FLVGGAA yes 535 96 =+ 43
scTRAIL-FAVGGAA yes 53 129 + 34
SCTRAIL-FLVSGIA yes 51.5 261 + 68
SCTRAIL-FIVGGIA yes 52 45+ 06"
SCTRAIL-FIVSGIA yes 51 229 4 52
SCTRAIL-FAVGGIA yes 53 534117
scTRAIL-FAVSGIA yes 505  274£55
scTRAIL-FAVSGAA yes 54 80+8"

'analyzed on Colo 205 cells in presence of 250 ng/ml bortezomib, mean + SD
(n=3).
“percentage of oligomers >15% of the total protein.

a Stoke’s radius of 3.2 nm versus 3.8 nm for scTRAIL-95L8. In
particular, scTRAIL variants comprising substitutions at aa
positions 281, 121 and 122 (e.g., SCTRAIL-FLVSGIA, scTRAIL-
FIVSGIA and scTRAIL-FAVSGIA) were found to have remark-
ably low oligomer content of 5% or less of the total protein
(Fig. 2B, Fig. S1). SCTRAIL-FAVSGAA showed the best stabil-
ity with a melting point of 54°C (Fig. 2A, Fig. S3). This variant
was further analyzed via substitution of the linker glycine resi-
due with arginine, originally present at this position (aa 121),
or with lysine. Interestingly, both variants exhibited a rather
low melting point of 47°C and 48°C, respectively, indicating
the beneficial effect of substitution by the small and aliphatic
glycine residue at this position.

In summary, all scTRAIL variants comprising shortened N-
terminal sequences and combined with short intervening pep-
tide sequences (0-2 aa residues) exhibit higher thermal stability
compared to previously described scTRAIL molecules, e.g.,
scTRAIL-95L8 and sTRAIL. Importantly, all soluble scTRAIL
molecules were shown to be bioactive with ECs, values in the
sub-nanomolar range. Possible differences among the bioactiv-
ities of individual scTRAIL variants may correlate with the
amount of spontaneously formed oligomers. This was further
analyzed for scTRAIL-FLVGGVA exhibiting ~24% oligomeric
molecules (Fig. S1). Equal concentrations of SEC-purified
oligomers and monomers were analyzed for their apoptotic
activity on the cancer cell lines Colo205, NCI-H460 and
HT1080 (Fig. S6). The oligomeric fraction of scTRAIL-
FLVGGVA exerted considerably higher bioactivity than the
monomeric fraction on all tested cell lines. Monomers of

scTRAIL-FLVGGVA were either nearly inactive (Colo205) or
were 50-fold (HT1080), and 13-fold (NCI-H460), respectively,
less bioactive than the oligomers.

Epidermal growth factor receptor-targeted Db-scTRAIL
proteins based on new scTRAIL variants

The variants scTRAIL-FAVSGAA, representing a molecule of
high thermal stability and good expression, and scTRAIL-
FAVSGIA, representing a molecular variant with superior
monomeric property, were used to construct dimeric Db-
scTRAIL molecules targeting epidermal growth factor receptor
(EGFR) (Fig. 3A, B).*° For both variants, an increased portion
of the dimeric, full-length form was obtained, compared with
Db-scTRAIL-95L8 used in previous studies (Fig. 3D, E; 72%
for Db-Glyco-scTRAIL-FAVSGAA and 82% for Db-Glyco-
scTRAIL-FAVSGIA vs. 54% for the reference Db-scTRAIL-
95L8). Db-scTRAIL variants utilizing scTRAIL-FAVSGAA and
scTRAIL-FAVSGIA were characterized by 4 to 6°C higher
thermal stability compared to the reference protein Db-
scTRAIL-95L8 corresponding to the values obtained for the
respective scTRAIL variants (Table 2, Fig. S7). Protein quality
(full-length protein, low aggregate content) could be further
enhanced by introduction of a modified connecting linker (see
Fig. 3B) between diabody and scTRAIL moieties composed of
16 aa residues and comprising 2 N-glycosylation sites. Incuba-
tion of the purified protein with peptide N-glycosidase F
(PNGase F) confirmed functional N-glycosylation (Fig. 3C). In
addition, a diabody linker (Db linker, see Fig. 3B) of 10 aa resi-
dues length (Dbl10-Glyco-scTRAIL-FAVSGAA), which still
allowed quantitative dimerization of the fusion protein,
reduced the amounts of higher order complexes (below 12%,
Fig. 3E) without affecting thermal stability (Table 2).

As shown by flow cytometry, the new Db-scTRAIL variants
displayed similar specific binding as the reference Db-scTRAIL
molecules on EGFR"™ HCT116 (data not shown), Colo205 and
HT1080 target cells (Fig. 4A). The EGFR-specific binding of
Db10-Glyco-scTRAIL-FAVSGAA was also proven by competi-
tion with cetuximab on tumor cells and purified EGFR-Fc,
revealing a sub-nanomolar ECs, for EGFR (Fig. 4B, C).
We exemplified also the binding to death receptors for
Db10-Glyco-scTRAIL-FAVSGAA (Fig. 4D). The protein
bound significantly better to DR5-Fc compared with Db-
Glyco-scTRAIL-95L8 (0.22 & 0.05 nM vs. 0.37 &+ 0.01 nM, p =
0.013). However, both proteins bound with generally higher
ECsy values to DR4-Fc (5.28 + 1.36 nM for Db10-Glyco-
scTRAIL-FAVSGAA, 3.05 =+ 0.44 nM for Db-Glyco-scTRAIL-
95L8, p = 0.091, n.s.), suggesting a preference for DR5 binding
associated with the scTRAIL format.

Furthermore, enhanced bioactivities were observed in vitro
with 3 different target cell lines, especially for Db10-Glyco-
scTRAIL-FAVSGAA and Db-Glyco-scTRAIL-FAVSGIA, with
ECs5, values in the low picomolar or even sub-picomolar range,
depending on the tumor cell line (Fig. 5, Table 3). As exempli-
fied for Dbl0-Glyco-scTRAIL-FAVSGAA, high bioactivities
were also observed without addition of bortezomib (Fig. S8).
Importantly, bioactivity was reduced in the presence of excess
amounts of cetuximab, which blocks binding of the Db-
scTRAIL molecules to EGFR (Fig. 5, Fig. 4B, C), indicating that
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Figure 2. Biochemical properties of new scTRAIL molecules. (A) Melting point curves measured by dynamic light scattering of sTRAIL (115-281), scTRAIL-95L8 (left),
SCTRAIL-FLVGGGPQRVA, scTRAIL-FLVGGRVA (middle) and scTRAIL-FLVGGVA, scTRAIL-FAVSGAA (right) are shown (symbols represent mean of 2 measurements). (B) Size
exclusion chromatograms of scTRAIL-FAVSGAA, in comparison to the old variant scTRAIL-95L8 (filled graph), and scTRAIL-FAVSGIA.

targeting via EGFR contributes to enhanced cell death induc-
tion of these scTRAIL fusion proteins on appropriate target
cells.

In vivo study of Db10-Glyco-scTRAIL-FAVSGAA

The antitumor bioactivity of Db10-Glyco-scTRAIL-FAVSGAA
was investigated using the established mouse xenograft model
of the human colon carcinoma cell line Colo205. Db-scTRAIL
fusion was intravenously administered when tumors reached a
volume of ~100 mm®. Three different doses of 0.1 nmol, 0.3
nmol and 1 nmol protein were applied in a daily regimen for 8
d in combination with intraperitoneal injection of clinical grade
bortezomib. Whereas treatment with 0.1 nmol did not induce
measurable antitumor effects, a transient, partial inhibition of
tumor growth was observed for the 0.3 nmol group, which was,
however, statistically not significant (Fig. 6A). In contrast, a
strong and rapid reduction of tumor volumes with macroscop-
ically undetectable tumors in 9/12 cases at day 20 was observed
for the 1 nmol dose. A re-growth of tumors was observed for a
subpopulation around day 25 (subgroup I) and for a second
subpopulation around day 42 (subgroup II). Both subgroups
received a second, identical treatment cycle starting at day 28
(subgroup I) or day 43 (subgroup II) (Fig. 6A). An antitumor
response was again observed for both groups. At the end of the
observation period (d109), 4/12 tumors stayed in complete

macroscopic remission and 3 other tumors were in a stable, not
actively growing state with volumes below 100 mm”.

Serum concentrations of Db10-Glyco-scTRAIL-FAVSGAA
were determined by ELISA 0.05 h, 4 h, and 24 h after the first injec-
tion, as well as 4 h and 24 after the last injection of the first cycle,
showing that similar serum concentrations were reached after the
first and last injection (Fig. 6B). Additionally, the pharmacokinetics
of Dbl10-Glyco-scTRAIL-FAVSGAA were studied in immuno-
competent CD-1 mice, revealing a terminal half-life of 3.6 £ 0.1 h
and an AUC of 8.8 & 1.4 (ng/ml)*h (Fig. 6C).

The safety of the applied doses of Db10-Glyco-scTRAIL-
FAVSGAA was monitored by measuring serum activities of
alanine aminotransferase (ALT) and «-amylase (Fig. 6D, E).
Serum samples were taken from all groups 4 hours and 24 hours
after the first injection, as well as 24 h after the last injection of
the first treatment cycle, and compared to untreated animals.
In both assays, no statistically significant increase of ALT and
a-amylase levels were observed for all treatment groups com-
pared to the untreated animals, except for the a-amylase value
of the 1 nmol group at day 9 (24 h after last injection, 199 U/L
vs. 161 U/L, p < 0.05).

Discussion

To explore the therapeutic potential of ligands of the TNF fam-
ily, single-chain variants that are superior to naturally
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Figure 3. Characteristics of the diabody-scTRAIL format. (A) Scheme of the polypeptide chain of the diabody scTRAIL fusion proteins described in this work. The diabody
linker has in standard the sequence GGGGS. The connecting linker was either AAAEFGG or AAAGNGTSNGTSEFGG, the latter comprises 2 N-glycosylation sites. S, signal
peptide; F, FLAG tag; su, subunit. (B) Schematic illustration of the non-covalently dimerized Db-scTRAIL molecule. (C) Functional N-glycosylation of the connecting linker
in the Db-Glyco-scTRAIL formats was exemplified for Db-Glyco-scTRAIL-FAVSGAA by PNGase F digestion and subsequent SDS-PAGE/ Coomassie staining of the reactions.
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occurring or recombinant homotrimeric ligands, and represent
a versatile core module that allows engineering of bi- or multi-
functional reagents, e.g., with target-specific activity, have
recently been developed.'®***"*** In addition to a high spe-
cific activity, clinically useful recombinant protein therapeutics
must also have suitable protein stability and pharmacokinetic
properties.”**** Toward this end, we here describe single-
chain variants of the apoptosis-inducing TRAIL with improved

stability and superior product quality in the form of a tumor-
targeted fusion protein, resulting in high anti-tumor activity in
a xenograft tumor model in vivo.

We achieved our goal by combining 3 approaches, 1) reduc-
ing the TRAIL subunit to its minimal THD domain (aa 122-
281); 2) reducing the scTRAIL linkers connecting the individ-
ual subunits to a minimal length (0-2 aa residues); and 3) opti-
mizing the flanking TRAIL sequences (aa 122, 279, 281)



Table 2. Denaturation temperatures of EGFR-specific Db-scTRAIL variants.

Molecule Tm (°Q)
Db-scTRAIL-95L8 50
Db-Glyco-scTRAIL-95L8 50
Db-scTRAIL-FAVSGAA 55
Db-Glyco-scTRAIL-FAVSGAA 56
Db10-scTRAIL-FAVSGAA 56
Db10-Glyco-scTRAIL-FAVSGAA 56
Db-Glyco-scTRAIL-FAVSGIA 54

through site-directed mutagenesis, resulting in a scTRAIL mol-
ecule with an increased thermal stability of > 10°C compared
to parental homotrimeric sTRAIL and the first-generation
scTRAIL molecules.'®

The minimal THD was defined here to start with aa residue
122, which is in line with results from sequence alignments of
TNF family members.”® In further support of this, crystallo-
graphic studies showed that Vall22 is the first residue of the
first B-strand A.*>>'?? The structure of the TRAIL THD further
suggests a hydrophobic interaction of Vall22 with Leu279.
With respect to this, only certain combinations of double muta-
tions, e.g, A-A, L-I, A-I, I-], can be introduced without affect-
ing functional expression, i.e., correct folding and secretion of a
soluble protein, whereas other mutations like L-G, L-L, L-M,
V-L and G-G failed in that relationship.

Two other approaches for the generation of scTRAIL mole-
cules have recently been described. In one approach, a scTRAIL
molecule was obtained by connecting a first TRAIL subunit (aa
91-281) with 2 shorter TRAIL subunits (aa 108-281), i.e., using
part of the native extracellular stalk region of TRAIL (aa 108-
120) to connect the subunits (TR3).** This scTRAIL molecule
(TR3) displayed increased stability, confirming earlier results
for a single-chain TNF molecule showing that physical connec-
tion of the 3 subunits increases stability and bioactivity in vitro
and in vivo.”® In another study, 3 TRAIL subunits comprising
aa 121-281 were connected with glycine/serine linkers of 8 aa
length comprising one N-glycosylation site (GSGSGNGS).*
Both studies did not report on the thermal stability of these
scTRAIL molecules. By defining Vall122 as the N-terminus of
the TRAIL THD, the molecules described by Spitzer et al.** and
Gieffers et al.** comprise 14 and 9 aa residues, respectively, that
functionally serve as linker. Our results suggest that glycine/ser-
ine linkers of 10 or 12 residues have no or only marginal posi-
tive effects on the thermal stability of a scTRAIL, whereas a
linker of 6 or fewer residues is required to significantly increase
thermal stability, demonstrated most obviously for scTRAIL-
FLVGGVA. Furthermore, we identified aa substitutions at posi-
tions 122, 279 and 281 in this minimal scTRAIL, which
strongly reduced the spontaneous formation of oligomers.

The optimized scTRAIL modules can be favorably used
as building blocks to generate highly potent scTRAIL fusion
proteins for therapeutic applications. This was exemplified
here with construction of a strictly dimeric Db-scTRAIL,
capable of hexavalent TRAIL receptor interaction and biva-
lent targeting of EGFR, a receptor over-expressed in various
types of cancer.”> An optimization strategy was applied to
the linker connecting the diabody with the scTRAIL moiety
(connecting linker), as well as the linker connecting the VH
and VL domain of the diabody (Db linker), resulting in a
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Db10-Glyco-scTRAIL molecule with an improved expres-
sion profile, biochemical properties and an in vitro tumor
cell killing activity with ECsy values in the low picomolar
range. Specifically, the observed low content of higher
molecular weight oligomers and aggregates (< 12%) in this
product is of particular relevance because dose-limiting tox-
icity has been ascribed to high molecular weight species of
TRAIL %% as well as to antibody-based multivalent
TRAILR agonists.”® Importantly, an improved thermal sta-
bility was retained in this Db-scTRAIL molecule. Further-
more, these optimized molecules had a drastically reduced
Stoke’s radius compared to the parental form (5.8 nm vs.
6.4 nm for the glycosylated forms) used in a previous study,
very probably due to the strongly reduced Stoke’s radius of
the scTRAIL moiety. A smaller size might facilitate extrava-
sation and tumor penetration, thus increasing anti-tumor
activity.”*! In support of this reasoning and in accordance
with high specific bioactivity in in vitro assays, a first ani-
mal study using a xenograft Colo205 tumor model showed
a potent and long-lasting tumor response without dose-lim-
iting toxicity, though a direct comparison with phar-
macodynamics data from Db-scTRAIL-95L8 * is actually
hampered due to differences in protein administration
(doses, intraperitoneal vs. intravenous injection). To explore
the therapeutic potential of fusion proteins comprising engi-
neered scTRAIL variants in a broader way, the modification
of pharmacokinetic properties by fusing half-life elongation
moieties like Fc might be revealing.*” Accordingly, we pro-
pose that dimeric, highly bioactive fusion protein formats
like scTRAIL-Fc/ Fc-scTRAIL are promising candidates for
difficult to treat cancers, in particular when combined with
antibody-mediated targeting of relevant tumor-associated
antigens, for example in the scFv-Fc-scTRAIL format. The
structural optimization described here could potentially also
be applied for death receptor (DR4/DR5) selective TRAIL
variants in order to avoid competition with decoy receptors
that could affect the efficacy of TRAIL-based therapies.*> A
possible approach combining such receptor-selective muta-
tions with our refined concept for single-chain TRAIL
described here could lead to the development of novel
TRAIL-based therapies in oncology.

In summary, we engineered an improved scTRAIL,
which represents an amenable structure for a second gener-
ation of TRAIL-based cancer therapeutics displaying target-
selective activity. Moreover, given the strong conservation
of tertiary structure of all members of the TNF ligand fam-
ily, the strategy of rational molecular evolution of a
scTRAIL and scTRAIL-based fusion proteins used here may
serve as a paradigm for other members of the TNF family,
e.g., for immunostimulatory members of this family to be
applied in cancer immunotherapeutic approaches.***

Materials and methods
Cell lines and materials

The pIRESpuro3-scTRAIL-95L8 and pCR3-Db-scTRAIL-
95L8 expression plasmids were previously published.”
HEK293, HT1080, HCT116, NCI-H460 and Colo205 cells
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Figure 4. Binding of EGFR-targeted Db-scTRAIL proteins. (A) The binding of Db-Glyco-:
SCTRAIL-FAVSGIA (right, squares) to EGFR™ HT1080 fibrosarcoma (upper) and Colo205 colon carcinoma cells (lower) was measured by flow cytometry in reference to Db-
SCTRAIL-95L8 (circles) and Db-Glyco-scTRAIL-95L8 (triangles). Mean =+ SD (n = 3). (B) Db10-Glyco-scTRAIL-FAVSGAA was tested in 3 concentrations for combined binding
to the EGFR™ tumor cell lines Colo205 and HCT116 by flow cytometry. In addition, a 200-fold molar excess of cetuximab was used for competition with the scTRAIL fusion
protein, demonstrating residual binding to TRAIL receptors mediated by scTRAIL in its dimeric configuration. Mean =+ SD (n = 3). (C) The binding (ELISA) of Db10-Glyco-
SCTRAIL-FAVSGAA (filled circles) and Db10-Glyco-scTRAIL-FAVSGAA competed with 10 wM cetuximab (open circles) was tested on purified EGFR-Fc. In addition, a FLAG-
tagged, fully humanized anti-EGFR 1gG derived from cetuximab (M. Siegemund, R. Kontermann, unpublished data) was tested with (open squares) and without (filled
squares) competition by cetuximab. Db10-Glyco-scTRAIL-FAVSGAA and oEGFR-IgG bound to EGFR-Fc with ECs, values of 284 + 34 pM and 77 =+ 8 pM, respectively.
Mean £ SD (n = 3). (D) The binding (ELISA) of Db10-Glyco-scTRAIL-FAVSGAA (filled symbols) was tested on purified DR4-Fc and DR5-Fc in comparison to Db-Glyco-

sCTRAIL-95L8 (open symbols). Mean £ SD (n = 3).

SCTRAIL-FAVSGAA (left), Db10-Glyco-scTRAIL-FAVSGAA (middle) and Db-Glyco-
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Figure 5. Cell death induction of Db-scTRAIL proteins in vitro. The bioactivity of Db-Glyco-scTRAIL-FAVSGAA (left), Db10-Glyco-scTRAIL-FAVSGAA (middle) and Db-Glyco-
sCTRAIL-FAVSGIA (right, filled circles) was assayed in vitro in presence of the apoptosis sensitizer bortezomib (Brt) on Colo205 (upper, 250 ng/ml Brt), HT1080 (middle,
10 ng/ml Brt) and HCT116 (lower, 5 ng/ml Brt) tumor cells. Db-scTRAIL-95L8 served as a reference (filled squares). After 16 hours of incubation, crystal violet staining was
performed. In order to demonstrate EGFR-dependent increase of the bioactivity, the binding of the fusion proteins was competed by blocking with 70 nM cetuximab
(open symbols), resulting in abolished EGFR targeting and thus lower bioactivity. Mean &£ SD (n = 3).

were purchased from ATCC. Cells were cultured in RPMI
1640 medium (Thermo Fisher, 21875-034) supplemented
with 10% fetal bovine serum (FBS Premium, PAN Biotech,
P30-3302), respectively 5% FBS for HEK293. Anti-FLAG
M2 antibody (F1804) was purchased from Sigma-Aldrich
and bortezomib was from UBPBio (F1200). Velcade (clinical
grade bortezomib) and cetuximab were kindly provided by
Dr. J. Schmid (Institute of Clinical Pharmacology, Margar-
ete Fischer-Bosch Foundation, Stuttgart, Germany). Soluble
TRAIL (sTRAIL, aa 115-281, 310-04) was purchased from
Peprotech.

Generation of expression plasmids

For generation of scTRAIL variants, PCR products of indi-
vidual TRAIL modules were obtained with the oligonucleo-
tide pairs fw_TRAIL 1_EcoRI/ rv_TRAIL 1, fw_TRAIL 2/
rv_TRAIL 2 and fw_TRAIL 3/ rv_TRAIL 3_NotI. After aga-
rose gel purification, 10% aliquots of both PCR products

coding for TRAIL modules 1 and 2 were annealed at the
introduced overlapping regions and 3’ strand elongated in a
30 pl reaction using Pfu DNA polymerase (Thermo Fisher,
EP0501) for 5 cycles. Then, 20 pl of this reaction was used
in another 5 cycles of annealing/ elongation with a 10% ali-
quot of the PCR product for TRAIL module 3 in a volume

Table 3. In vitro bioactivity of EGFR-specific Db-scTRAIL variants with or without
EGFR blocking by cetuximab, in presence of bortezomib (mean + SD, n = 3).

ECso (PM)
Molecule Cetuximab  Colo205  HT1080 HCT116
Db-scTRAIL-95L8 — 24+ 4 3407 12742
+ 48+5 15+ 4 381+ 16
Db-Glyco-scTRAIL-FAVSGAA — 33+6 1+06 66+10
+ 74+15 10+4 450 £2
Db10-Glyco-scTRAIL-FAVSGAA — 13+£2 07+02 39+4
+ 66 + 17 842 298 +3
Db-Glyco-scTRAIL-FAVSGIA — 19+3 06+02 43+2
+ 3245 541 161 £3
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Figure 6. In vivo antitumor activity, pharmacokinetics and safety of Db10-Glyco-scTRAIL-FAVSGAA. (A) Colo205-bearing nude mice received 8 i.v. injections of the Db10-
Glyco-scTRAIL-FAVSGAA fusion protein (0.1 nmol, 0.3 nmol, or 1.0 nmol) in combination with 8 intraperitoneal (i.p.) injections of bortezomib (Brt; 5u.g per injection) every
day indicated by dots. Mean & 95% Cl (n = 12 tumors per group). The 1.0 nmol-treated group received an identical regime of Db10-Glyco-scTRAIL-FAVSGAA and bortezo-
mib after regrowth of tumors (volume ~100 mm?). Therefore, animals were divided into 2 subgroups of fast (I) and slow (Il) regrowth. (B, C) Db10-Glyco-scTRAIL-FAVS-
GAA (168 g per animal in B / 25 pg per animal in C) was injected i.v. into Colo205-bearing nude mice (B) or CD-1 mice (C). The serum concentrations of the fusion
protein were analyzed via ELISA. Mean £ SD (n = 3). (D, E) Activity of alanine aminotransferase (ALT, D) and a-amylase (E) was measured after 4 hours (only for D), 1 day,
and 9 d after the first of total 8 injections (every day) of Db10-Glyco-scTRAIL-FAVSGAA (0.1 nmol, 0.3 nmol, or 1.0 nmol; i.v.) and/or bortezomib (Brt, 5 j.g; i.p.). Control

mice were non-treated. Mean =+ SD (n = 3).

of 80 wl Finally, the reaction was made up to 100 wl by
addition of dNTPs, 10 x Pfu buffer and 50 pmol of oligo-
nucleotides comprising EcoRI and NotI restriction sites, fol-
lowed by PCR amplification of the fully assembled scTRAIL
DNA construct and EcoRI/ Notl cloning into pIRESpuro3-
scTRAIL-95L8.

All EGFR-specific pCR3-Db-Glyco-scTRAIL constructs
were derived from the vector pCR3-scFv-scTRAIL-9518.%° The
scFv sequence from this vector was amplified by PCRs to insert
the sequence coding for 2 N-glycosylation sites by Xhol/ EcoRI
cloning into the construct. PCR3-Db-Glyco-scTRAIL-95L8

was then obtained from pCR3-scFv-Glyco-scTRAIL-95L8 by
Xhol/ Notl cloning of the diabody sequence from pCR3-Db-
scTRAIL-95L8. The scTRAIL sequences were amplified from
pIRESpuro3-scTRAIL-FAVSGAA and pIRESpuro3-scTRAIL-
FAVSGIA followed by EcoRI/ Xbal cloning into pCR3-Db-
scTRAIL-95L8 or pCR3-Db-Glyco-scTRAIL-95L8 to yield
pCR3-Db-scTRAIL-FAVSGAA,  pCR3-Db-Glyco-scTRAIL-
FAVSGAA and pCR3-Db-Glyco-scTRAIL-FAVSGIA, respec-
tively. PCR3-Db10-scTRAIL-FAVSGAA was generated by PCR
of Vi and V from pCR3-scFv-scTRAIL-95L8 using oligonu-
cleotides comprising complementary regions. Next, the gel-



purified DNA strands were assembled, amplified with terminal
oligonucleotides and cloned via Xhol/ EcoRI into pCR3-Db-
scTRAIL-FAVSGAA. PCR3-Db10-Glyco-scTRAIL-FAVSGAA
was obtained in a similar way from pCR3-Db-Glyco-scTRAIL-
FAVSGAA wusing the PCR template pCR3-scFv-Glyco-
scTRAIL-95L8.

Production and purification of recombinant proteins

ScTRAIL proteins were produced in HEK293 cells and puri-
fied from supernatants by anti-FLAG affinity chromatogra-
phy as described elsewhere.*® In brief, stably transfected cell
pools were cultivated for 3 d at 37°C/ 5% CO, with Opti-
MEM I medium (Thermo Fisher, 31985-070) supplemented
with 50 wM ZnCl,. Cell-free supernatants were then incu-
bated with anti-FLAG M2 Affinity Gel (3 ml bead volume/
|l supernatant, Sigma-Aldrich, A2220) for at least 2 h or
alternatively overnight at 4°C on a roller mixer, prior to
collecting of beads in an empty column, washing with 1 x
TBS and eluting with 100 pwg/ml FLAG peptide/ 1 x TBS
(peptides&elephants). After dialysis in 1 x PBS, eluates
were concentrated with Vivaspin 20 devices (10 or 50 kDa,
Sartorius, VS2001/ VS2031). Protein concentrations were
determined spectrophotometrically using the calculated
extinction coefficients. Aliquots were stored at —80°C.
DR4-Fc, DR5-Fc and EGFR-Fc fusion proteins were pro-
duced and purified as previously described.”!

Biochemical and biophysical protein analysis

Affinity-purified scTRAIL proteins were analyzed by SDS-
PAGE under reducing conditions and stained with
InstantBlue (Expedeon, ISB1L). For Western blotting,
monoclonal anti-FLAG M2 antibody (1 pg/ml in PBS) was
used, followed by anti-mouse IgG alkaline phosphatase-cou-
pled secondary antibody (1:15,000 in PBS with 0.05%
Tween 20, Sigma-Aldrich, A3562) for detection. For SEC,
proteins were applied to a Yarra 3 pm SEC-2000 or Yarra
3 wm SEC-3000 (300 x 7.8 mm) HPLC column (Phenom-
enex, 00H-4512-K0/ 00H-4513-K0) equilibrated in 0.1 M
Na,HPO,/ NaH,PO,, 0.1 M Na,SO,, pH 6.7 and eluted at
a flow rate of 0.5 ml/min. The following reference molecules
were used: thyroglobulin, S-amylase, BSA, carbonic anhy-
drase and FLAG peptide. For enzymatic removal of N-gly-
cosylation, 5 g of protein was denatured and treated with
PNGase F (New England BioLabs, P0704S) according to
manufacturer’s protocol. The thermal stability of the pro-
teins was determined by measuring denaturation tempera-
tures with dynamic light scattering using a ZetaSizer Nano
ZS instrument (Malvern) as published.'

ELISA

ELISA plates were coated with TRAIL-R1-Fc, TRAIL-R2-Fc
or EGFR-Fc *' (300 ng/well in 0.1 M sodium carbonate
buffer, pH 9.5) overnight at 4°C. The plates were blocked
with 3% (w/v) skim milk powder in PBS (MPBS). The
scTRAIL fusion proteins were diluted in MPBS, titrated 1:3
in duplicates starting from 500 nM and incubated for 2 h
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at room temperature on a shaker. For competition experi-
ments, wells were incubated with 10 wM cetuximab in
MPBS for 30 min before adding the scTRAIL fusion pro-
teins. Bound proteins were detected by anti-FLAG M2
horseradish peroxidase conjugate (1:15,000 in MPBS,
Sigma-Aldrich, A8592) using 3,3',5,5'-tetramethylbenzidine
(TMB) as substrate (0.1 mg/ml TMB, 100 mM sodium ace-
tate buffer, pH 6.0, 0.006% H,0,). After stopping the reac-
tion with 50 pl of 2 M sulfuric acid, plates were measured
in an ELISA reader at 450 nm. Data were fitted with Prism
(GraphPad Software) in order to calculate ECs, values =+
SD from 3 independent experiments. The t-test was applied
for statistical analysis of the data.

Flow cytometry

Cells were trypsinized, washed once with FACS buffer (PBS,
2% FBS, 0.05% NaN3;) and re-suspended in the same buffer.
1.5 x 10’ cells were incubated for 2 h on ice in presence of
serially diluted scTRAIL fusion proteins in FACS buffer
starting from 500 nM or without (background control). For
competition experiments, cells were incubated with a 200-
fold molar excess of cetuximab for 30 min on ice before
adding the scTRAIL fusion proteins. After washing the cells
2 times with ice-cold FACS buffer, bound proteins were
detected by anti-DYKDDDDK-PE labeled antibody (Milte-
nyi Biotec, 130-101-576) diluted 1:200 in FACS buffer. After
two washing steps, cells were analyzed using a MACSQuant
Analyzer 10 equipped with a 585/40 nm filter or a MACS-
Quant VYB with 586/15 nm filter (Miltenyi Biotec). Data
were fitted with Prism from 3 independent binding curves.

Cell death assays

Colo205 (4 x 10% well), HT1080 (2 x 10% well) or
HCT116 cells (2 x 10%/ well) were grown in 100 pl culture
medium in 96-well plates for 24 h, followed by treatment
with serial dilutions (1:3) of scTRAIL or Db-scTRAIL
fusion proteins in triplicates. Molar concentrations were
normalized to one scTRAIL unit. For positive control, cells
were lysed with 0.5% Triton X-100. Cell death assays were
performed in the presence of bortezomib (250 ng/ml for
Colo205, 10 ng/ml for HT1080, 5 ng/ml for HCT116; UBP-
Bio, F1200). Bortezomib was added 30 min prior incubation
with the proapoptotic ligands to sensitize carcinoma cells
for cell death induction. After 16 h of incubation, cell via-
bility was determined by crystal violet staining.*” To dem-
onstrate target antigen-dependent induction of cell death,
cells were preincubated for 30 min with 70 nM of the com-
peting antibody cetuximab. Data were fitted with Prism in
order to calculate ECs, values £ SD from 3 independent
experiments.

Pharmacokinetic studies in CD-1 mice

Female CD-1 (Charles River, 8 weeks old, 3 animals)
received an i.v. injection of 25 pg of Db10-Glyco-scTRAIL-
FAVSGAA in a total volume of 100 pl. Blood samples
(50 pl) were taken at 0.05, 0.5, 1, 3, 6, and 24 hours and
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incubated on ice for 10 minutes. Clotted blood was centri-
fuged at 16,100 x g for 30 minutes, 4°C and serum samples
were stored at —20°C. The serum concentration of Db10-
Glyco-scTRAIL-FAVSGAA was analyzed with BD OptEIA
Human TRAIL ELISA Set (BD, 550948) according to the
manufacturer’s instructions. The first value (0.05 h) was set
to 100%. The initial (t;») and terminal (t;,8) half-lives
and the bioavailability (area under the curve, AUC) were
calculated with MS Excel.

Xenograft mouse tumor model

Female NMRI nu/nu mice (Charles River, 8 weeks old) were
injected s.c. with 3 x 10° Col0205 cells in 100 wl PBS at the left
and right dorsal sides. Treatment started 11 d after tumor cell
inoculation when tumors reached an average volume of
100 mm®. Mice received 8 daily i.v. injections of 0.1 nmol, 0.3
nmol or 1.0 nmol of purified Db10-Glyco-scTRAIL-FAVSGAA
in 100 wl PBS and additionally 8 daily intraperitoneal (i.p.)
injections of 5 pg bortezomib one hour before protein applica-
tion. The control groups received only 8 daily i.p. injections of
5 pg bortezomib. This amount of bortezomib was shown in
previous studies to have no effects on tumor growth.”® For PK
studies and toxicity assays, blood samples were taken as indi-
cated and incubated on ice for 10 minutes. Clotted blood was
centrifuged at 16,100 x g for 30 minutes at 4°C, and serum
samples were stored at —20°C. The activity of alanine amino-
transferase (ALT) and «-amylase were measured using an
enzymatic assay kit (abcam) according to the manufacturer’s
instructions. A second treatment cycle (identical regimen) was
applied for the 1.0 nmol treated group when tumor regrowth
was observed. Tumor volume was monitored as described.'®
One-way ANOVA and Tukey post hoc tests were performed
for statistical analysis.
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